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CHAPTER I. 


PREFACE AND INTRODUCTION 


This compilation is intended as the same sort of 
abbreviated statement and grouping of crystal struc¬ 
tures that was made in the second edition of the 
author f s "Structure of Crystals."i Since the Supple¬ 
ment 2 to this edition was published in 1934, so many 

more crystals have been investigated that these ear¬ 
lier collections no longer have much value. At pres¬ 
ent if one wishes to find out what is known of the 
atomic arrangement in a crystal, it is necessary to 
go through each of the seven volumes of the Struktur- 
bericht 3 and to follow this with a year-by-year search 
of the literature to date. The present book aims to 
state the results of all available determinations of 
atomic positions in crystals; but it is not concerned 
with identifications of crystalline components of mix¬ 
tures, with estimates of particle size, and with the 
innumerable other practical uses to which x-ray dif¬ 
fraction has been put. 

The thousands of crystals that must now be review¬ 
ed and the many more that are being added each year 
make it essential that a satisfactory survey be con¬ 
cise and so arranged that it can easily be added to 
and kept up-to-date. Our use of vari-typing and a 
loose-leaf binding is an experiment in this direct¬ 
ion. Previous experience has shown that any survey is 
useful only as long as information about a single 
crystal is collected in one place; we hope to keep 
this true through the issue of periodic replacements 
as well as supplements to the present tables, text 
and figures. 

What is wanted by different users of a summary of 
structure data is so varied that one can scarcely 
hope to satisfy them all. An adequate bibliography 
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is, however, required for all purposes, as in a state¬ 
ment of atomic positions. These are provided, and in 
a uniform fashion. The visualization of structures is 
greatly aided, for most people, by illustrations which 
show the way atoms "pack” together in forming crystals 
and there is further help in using a uniform mode of 
representation. The drawings already reproduced in 
the "Structure of Crystals’’ provide the nucleus of 
such a uniform set. These are so time-consuming to 
make, however, that the set could not be completed now 
without seriously delaying the appearance of the en¬ 
tire compilation. As the text indicates, it is planned 
to have a figure for each well-established type of 
structure; those not included in this initial issue 
will he furnished with later supplements. 

The description of crystal structures in terms of 
the conventional analytical descriptions of their un¬ 
derlying space groups is now general practice. The 
International Tables 4 incorporated the original space 
group descriptions of Eiggli 6 and the writer 6 and 
supplemented them with much information useful to stu¬ 
dents of structure. The terminology in this summary 
conforms to that used in the International Tables. 

Even when this is done, there remains considerable 
latitude in the choice of how many structures of low 
symmetry are to be described, depending mainly on how 
the coordinate axes are selected. For this book, 
axes have been taken in such a way as to minimize 
statements of the coordinates of general and special 
positions of space groups. This has been done, part¬ 
ly for the sake of overall brevity of description but 
mainly to emphasize relationships between structures, 
even though such relationships often appear to have 
no more than formal significance. The resulting dis 
regard of many conventionally accepted axial assign 
ments will undoubtedly offend many mineralogists an 
any professional crystallographers that may still 
exist. Its results do not always satisfy the writer 

The coordinates used in the International Tab es 
for describing atomic positions differ from those in^^ 
”An Analytical Expression of the Theory of Space r 
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only in the occasional choice of a different origin. 
Special positions are designated as in the ’’Inter- 
mational Tables’’ except for cubic crystals where the 
nomenclature of the earlier book has been followed. 

As in the Strukturbericht, only half the coordinates 
of body-centered arrangements and one quarter those 
of face-centered arrangements are stated. Thus the 
designation B.C. (body-centered) after a group of co¬ 
ordinates indicates they are to be repeated about 
1/2, 1/2, 1/2; and F. C. (face-centered) means that the 
stated coordinates are to be repeated about the re¬ 
maining three lattice points 0,1/2, 1/2; 1/2, 0, 1/2; 

and 1/2,1/2,0. Where positions of a rhombohedral 
arrangement are described in terms of a hexagonal 
pseudo-unit, the symbol Rh means that coordinates 
with respect to hexagonal axes are to be repeated 
about 1/3, 2/3, 1/3 and 2/3, 1/3, 2/3. Farther to con¬ 
serve space only half the coordinates are commonly 
stated when the origin falls in a center of symmetry; 
then coordinates are enclosed in parentheses, pre¬ 
ceded by a plus-minus sign. 

The space group symbols of Schoenflies 7 continue 

to be used along with the more recent symbols employ¬ 
ed in the International Tables. They fill the real 
need that often arises for a space group designation 

that does not depend on axial sequence. 

An important problem in the physics of solids is 
concerned with how deeply order in particle arrange¬ 
ment penetrates into a crystal's constitution. er 

the results of the first analyses of crystal structure 
had shown beyond doubt that the individual atoms par¬ 
ticipate in a crystalline order, it seemed natural to 
assume that all the atoms in all crystals must occupy 

positions dictated by the observed symmetry. ® V1 enG ^p 
soon began to accumulate, first from consi era ions 
possible hydrogen positions and then from stu les o 
compounds involving radicals, such as (Ch) groups an 
hydrocarbon chains, to show that all atoms a.re no m 
positions demanded by the overall symmetry o a cry 
tal. 

From such observations arose the idea of "rotating" 
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groups and radicals within a crystal. At the same 
time it became apparent that chemically different 
atoms could together occupy the equivalent positions 
of a space group, as with the "equipoint" spinels, 
and that some of the equivalent positions of a space 
group could be unoccupied in real crystals. About 
fifteen years ago this realization that crystals can 
be in a measure imperfect led to suggested structures 
in which these defects were greatly elaborated. 
Though there are unquestionably many instances of im¬ 
perfect and incomplete structures, the idea was prob¬ 
ably overworked and sometimes used in place of ade¬ 
quate investigations of structure. It does not fall 
within the province of this summary to give a criti¬ 
cal evaluation of each instance of structural inade¬ 
quacy that has been cited. Careful analysis of the 
kinds of "rotation” that thermal motion introduces 
into real crystals is, however, a most important field 
of research. The work that has been done on the al¬ 
kali cyanides and on the asymmetry of thermal motion 
in metals provides examples of the fruitfulness of 

careful studies in this field. 

After some experimentation with other imaginable 
ways of classifying structures for description, the 
general arrangement based on chemical composition 
used in the "Structure of Crystals" and in the Struk 
turbericht has been adopted here. There would be 
many advantages in a grouping that placed together 
all crystals having the same type of structure (for 

example, all of the NaCl-like crystals) irrespective 
of chemical composition, but so many structures 
outside this pattern that it has not seemed a P** 3 ^ 
tical mode of classification. Within each chap e __ 
an effort has been made to group together those c ^ 
tals with similar structures. These groups are _^_.__ 
perimental and vary from chapter to chapter ^ 
mately it may be worthwhile to try to s tandar 1 
them. The paragraph designations used in eac^^ 
ter are dependent on this classification 3X1 
equally tentative. They are needed to i ^ 
cross reference between text and tables, 
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r significance is to oe attacnea 10 miem. 

The text, tables, bibliographic material and 
figures have been paged separately and by chapters in 
order to facilitate the inclusion of supplements. It 
is suggested that in actual use it may be more conven¬ 
ient to break this up and distribute tables and fig¬ 
ures through the text in such a way as to bring them 
nearer to the structures they help describe. The 
first issue of this book contains chapters dealing 
with the elements (Chapter II), compounds RX (ill), 

RX* (IV), (V), R n MX 2 (VI), RnMXa (Vll) and 

R n MX 4 . (VIII). The inorganic section will be completed 
through a series of chapters dealing with compounds 
R^MXe (IX) , other compounds F^MXy. (x) , hydrates (XI), 
silicates (XII) and miscellaneous (XIII). The organic 
compounds will be treated under the four heads, organo 
metallic compounds, aliphatic compounds, aromatic 
compounds and more complicated organic compoun s. 

There are numerous studies of x-ray diffraction 
which do not lead to deductions of atomic positions. 
Their results are not included and they have not ee 
listed in the bibliography. Atomic arrangements whose 
only examples are internetallic compounds ave a s 
been excluded because it is felt that no descrip 
of alloy systems can properly be based on appare 

stoichiometric formulas. . , 

There would be many advantages m me g 

lyses of the electron diffractions from gases , 

vapors in a summary of x-ray diffraction a . * o: p 
both give information about the sizes an s 
molecules and they tend to complement °ne another 

the kind of compounds they treat. e molec- 

vapors can, however, be used to tes se in _ 

ular models but rarely to deduce t e on ® t 

evitably correct; and this cal J or largely for this 
critical approach to these res * . _.„„ t „ 

reason, the writer has elected not o m ^ 

studies of vapor molecules in this SU f V ^l a n v sim- 
next two chapters, dealing with the chemibeen 

pies t crystals, certain -^^f-nd in lends 
made between interatomic distanc 
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and vapors but this comparison is not intended to be 
complete and is not extended to more completed mo!- 

. Each chapter is provided with one or more master 
tables which list the crystals considered in it gtve 

volved in r th a supplementar y table references in- 
liolranhl e r r desori P tion aad provide pertinent bib 
se^e as ' Pefere " ces - These tables are intended to 
fi + + T 1CeS ° r en_ tire work. Most compounds 

fit naturaiiy w ith in one of the chapters but a few 

Cht reasonably be expected in more than one chapter. 
These have been referred to in the master tables of 

eir Severa l chapters; only one description has, how- 
er, been given to a structure. 

In developing the bibliography it has seemed un¬ 
necessary to repeat earlier references at this time. 

ey are contained in the bibliographies of the two 
vo umes of otructure of Crystals M and their presence 
ere has been indicated in the last columns of the 
tables by using the symbols I and II to refer specif- 
lca y to the second edition of the book and to its 
supplement.. A temporary bibliography of pertinent 
papers published since 1934 is appended to eachchap- 
er. Reference to these articles is made by stating 
;year and initial of the author or authors. Many 
European papers from the war years are still not avail¬ 
able for study and this makes the recent bibliographic 
data both inaccurate and incomplete. It is planned 
to repair these defects as rapidly as possible and 

u timately to provide a complete bibliography to serve 
the book. 

bo brief survey can bring out all the significant 
relationships that exist between known structures, 
nor can it state all the atomic separations in every 
crystal. Though no attempt has been made to be com¬ 
plete, the more obvious intercrystalline relationships 
have not been ignored. In the early chapters consid¬ 
erable attention has been given to interatomic dis¬ 
tances and atomic and ionic "sizes" in order to illus¬ 
trate the most important factors involved in crystal 
formation and to indicate the kind of information 
furnished by structure data about the forces holding 
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together the atoms in solids. There has been some 
question in the writer’s mind as to the propriety of 
including such discussions in a summary. They cannot 
be either exhaustive or adequately critical. This is 
especially true as far as the recurrently debatable 
atomic radii are concerned. Knowledge of structure 
provides atomic separations only; radii deduced from 
them are derived quantities whose physical signifi¬ 
cance cannot be evaluated without information from 
other sources. Hitherto, most such information has 
come from considerations of a theoretical character 
and has accordingly the same measure of reality as the 
theories from which it is derived. The question of 
the space actually occupied by individual atoms in a 
crystal can, however, be approached experimentally by 
preparing especially complete maps of electron distri¬ 
butions in crystals. Quantitative studies with this 
in mind were begun, and then unavoidably interrupted, 
by the writer fifteen years ago. A similar program 
by Grimm and his collaborators led to detailed ex¬ 
aminations of the diamond, NaCl, quartz and oxa ic 
acid before being stopped by the war. Such studies 
will ultimately give a new physical reality to s a e 
ments of atomic domains within crystals. I W1 . 
also provide a new kind of information about i e 
ferent types of bonding effective between atoms m 

crystals. , _ 

We nowadays talk about ionic, covalent an 
bond "sizes" with an assurance that may excee 
knowledge of the physical realities of t e ^ u 
In the early chapters, the writer has o w d 

prevailing ideas in distinguishing between ionic a 
neutral bSnds, and radii, and in separating neutral 
radii into the tetrahedral and square ca ag ~ 

Pauling; e but this does not mean that e 

, ^ n -t-r» hp either unnecessary 

another experimental approach t 

or liable to be unrewarding. , ArVl ^ n „ t v,_ 

In the earlier days of crystai analysis when meth 

ods of experimentation were under deve P ’ 

sort of critical evaluation seeme requi^^ were still 

statement of atomic positions. E 
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CHAPTER II. 

STRUCTURES OF THE ELEMENTS 


Crystal structures have been determined for nearly all 
the elements (Table II, l) . Most of these fall into a few 
simple types and are aggregates of atoms that show little 
tendency towards molecular association. Molecules are, 
however, evident in some more complicated structures which 
are for the most part to be found among the weakly metal 
lie or electronegative elements. As might be expec e , 
structural complexity, and the tendency towards mo ecu ar 
formation that is partly responsible for it, depen on e 
position of an element in the periodic table. T is can e 
illustrated with the elements in a single row o t e a e 
Thus in the row ending with iodine, this is t e on ye e 

ment whose crystalline solid is composed of we e 
molecules. Solid tellurium, antimony, and tin, immedia e 
ly to the left of iodine, are not molecular, but in ea ° 
instance their atoms have especially close neig or ’ 
this results in structures of moderate comp exi y* 
and cadmium which are next in line have close-packed ar 

rangements, but these are distorted so a E,° rT ' the p e ft of 
ic distances are much shorter than o iers. , 

cadmium, silver and all the other elements in the row have 

undistorted simple structures. In the en ire p 

table there are only four metals besides those ad en to 

the metalloids with complicated arrangements. These fou 

are chromium, its heavy analogues tungsten and uranium, 
and its neighbor manganese. 


two 

One 


About 00 % of all elements crystallize in one of the 

structures that represent a close-pac e £ 

of these has cubic, hexa K onal, symmetry. 


the other hexagonal, 


Chap . 


II, text page 1 


WYCKOFF: CRYSTAL STRUCTURES 


I la 


the 


(il, a) . in the 
-centered array, 

coordinates: 


cubic close-packing atoms are in a 
the four atoms in the unit cube havin 


(4a) 


-Mo; 


11 


or 


(4a) 


000; F. C. 


'-/ a. # V./ • 

has equidistant nei^bors• °? Q ur at ° m 

two planes, one above th f ' ac ® dla Conal, and eight in 

face plane. This atomic 6 ° 6r the chosen cube¬ 
threefold instead Tfou^f^’ l00ked a 

11,2. In any arbitrarilv nt ^’ 13 Sh ° WK in Fi ^ ure 

axis, atoms will be di.+^-v h ? S J n plane norma l to such an 
circles of Figure II p ^ aS indicated by the full 

(dotted circles) l8 iuet parallel a tomic layer 

zontal1y so that its atoms fit int tUt 1S dis P laced hori- 
tween atoms of the fir^t i lnto sorre of the holes be- 

layer, shown as dashed -M~ a ^ er# . ^ird consecutive 

displaced so that its ate e n \ S like the others but is 

layer and over thos^holes^f^+i lnt ° holes of the second 

not covered by the second*!* ^ firSt layer that were 

this fashion the fourth la yer * In a crystal built in 

e se quence i s repeated i^^f^ over the first layer and 

from the figure, t ! iDitely ‘ As ean he seen 

om are in the same (i]i| , ^ equidistant neighbors of an 

is oft and the rerT,a ining thrp 3116 ’ three are in the plane 

tin +^ n COnven ient to renm S 8re in the P lane above. It 

er as layer show n as full^ir packin e' by designa- 

sem ’ and the dashed l avpr cles as 1 the dotted lay- 

sequence of atomic plane. ^ 35 3; if this is done the 

written as: Planes ** a cubic close-packing can be 


h’S’S, 1,2 3 i g 3 


' » . 

The lengths of tv, 

r "inimu^ 1 a + StrUCture ar e collect*^ ° f the elements known to 

ITToT as r(MU are listed 

exaiii c atomic radii colurm * These are the 
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(II,b). In the very closely related hexagonal close¬ 
packing two atoms are contained in a unit prism (Figure II, 
3). As can be seen from Table 11,3 which gives the cell 
dimensions of the elements with this structure, the axial 
ratio is usually near to c/a — 1.633. The atomic ccordin- 

developed from the space-group D e h are: 

Vs, %. V'a. Va. 3 A; 

or more simply, through a change in origin, 

000; Vs. %. V 2 - 


In this arrangement, as in the preceding one, 


an atom has 

12 neighbors, six in the same plane (normal to the princi 
pal axis) and three each in adjacent parallel planes. weH 
the axial ratio departs from 1.633, packing is not per^ec 
for atoms considered as spheres; and then any atom s six 
neighbors in the basal plane are at a different dis ance 
from it than are the two sets of three neighbors lying in 

adjacent planes. 

Layers normal to a principal axis have the same at ' 

distribution as in the cubic close-packing of Figure 1 , , 

but the sequence of these planes is different. nex t lay- 

starts with the layer outlined by full lines, the next lay 

er can be the dotted layer 2. In the r, b nt bv 
packing this is not followed by a dashed ay ^he 

another layer 1, which then alternates wi arrange- 

meat, represented in Figure 11,4, can thus be designated 

as: 


close- 


1,2, 1,2, 1,?, 1*2, 1* 


- r ar*kpd metals the axial 

In almost all hexagonal clo^ F anc i C a. 

-j rrrzm i vinp between l.co ana cu. 

tio is slightly under 1.63*., V £ usu 


That 


+ Vl „ c-arre basal plane are usually 

i c m the sane ^ 

IS, atorn ^ 1 ho£e immediately above and 

ther apart than tno.e __ + OY ^ rt .inn, the 

ure, 


urn 


axial ratios of these elements 
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Axial t «ti^rfnr 8 tD 6q “ lize the interatomic distances. 

foregoing statements. Their ratios are far greater than 
• * 63 ’ b f lne about 1-86, and this makes atomic separations 

Their axial ratine • ss tnan between planes, 

effect in this case .^° " ncrease Wlth temperature, but the 
spherical close-packJL ^ agg + erate the departure from 

flection fJom the^ r re °? the ^tensities of x-ray re- 
information concernin^theTa . Crystals lead to important 

distribution and the airDl-it aisot J opy of both the electron 

B & R; 1939, B 1936 ’ B ’ Z > ^7, W & H; 1936, 

nickel, praseody^ium^nr^indi^! 1 ’ C ° ba ^ t ’ l^thanum, 

close-packed structures Th P . U ™~ crysta11 lza in both 

the same in each form except ^nteratomic distances are 
separations seem slight! v k- Wlth nickel, where the atomic 
tion. Until recently thic- ^ger in the hexagonal modifica- 
be true of thallium, but •+ lrnorphisrn was also thought to 
etion to beta-thallium w v,| , n ° W ap P ears that the transform- 
a change of much, but not ta ^ es Place at 230°C. involves 
packed to the body-centeu^a tb e metal from the close- 

y centered structure II, c . 

Tin© 

cations is nearly the same^^a tbe two c l° se -packed modifi- 
change from one to the oth^^ £? ere is Httle tendency to 
lum is obtained above 450°r* 6 hexagonal form of cal- 

f n GSpecial lY Pnre. For co v* n ’ + arid then only if the metal 
. . saerns the more stable □ + and nickel the hexagonal 

ni orin occurs more ccmmn -i r ° 0rr ‘ temperature although th 

at°i 7 rOp 8 " be - a de hexa oS y ‘ The Cubic modification o 

cubif C «^ Cobalt prepared annealin g for several days 

about 8nd reirai ns so on cool f n redact io n above 450°C. is 

change to the hexagonal* fo^ erindin e will bring 

Some of the x-r 

cobalt are broad whu/otwf*'” E in preparations of 

are sharp. All the sharp 
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; M \ yfk' ;‘v 


lines have indices with 1-0 and [h-k )/3 as an integer; 
reflections with 1 even are more diffuse than those with 
1 odd. This will be the case if the structure producing 
them is a mixture, on the atomic scale, of the two close- 
packed arrangements. The repetitions of atomic planes 
along the three- (or six-) fold axes will be, for a time, 
according to the hexagonal close-packed sequence, and then, 
for a time, they will be according to the cubic close- 
packed sequences outlined above. This is the simplest ex¬ 
ample of a mixed packing that is being encountered more 

and more often among crystals. 


II b 


Some powder patterns of beryllium have shown lines not 
to be ascribed to the hexagonal close-packed structure. 
These lines have been said to be due to the existence of a 
second form, also hexagonal but with a unit having 
a o - 7. 1 A. , c o = 10.8 A. The existence of these lines has 
recently been confirmed but conclusive experimental evi- 
dence has not yet been advanced to prove that they must e 
ascribed +.n mptall hervllium. 


I 1 
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lie 


(II,c). The third common metallic structure is 
uri^f 63 ??? cubic with atoms at the corners and center 

( gure 11,5). The coordinates of these a+.nmo 


u 

are: 


body- 

of its 
then 


(2a) 


000 ; 


111 


Elements with this grouping 


are co 



cted in Table 11,4 


neighbore i 8t S ^r tUr t eSCh ^ haS eight equidistant 

itional atoms at the Lraera'oJT 41 ”® CUbeE a ” d SlX add ‘ 

only about 15% more distant J UbeS that ar ® 

ordination results in an a+* T lls split fourteenfold co- 

ferent from the environnen^f C ^ viro ™ e nt not very dif- 
of the two close-nanVpH + f the twe l v efold coordinations 
the same at fs rUC ? Ur ^ S ’ Consequently, about 

three structures IrreL nt Sh °i! ld be ex Pected in these 

the effective interatnm- ~ Ve assuj71 Ptions concerning 
the data from five bodv_° f ° rces ’ This can be checked wit 

close-packed modifi C ations" 6 The that also have 

inadequate in the caq P * • Iae exis ting information is 
identical atomic serara+5 Zlrconiu ™; but substantially 
tions of titanium and th are ^ ourid in the two modifica- 

ition temperature. Ll -on at its trans- 
agonal chrorriurr* is o l a chromium distance in hex- 

0. 1 A. greater than in the cubic form. 


ap. 



t ex t 


Pa ge 6 
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(II, d). Of the elements occupying: the zero (rare gas) , 
first, and second columns of the periodic table only mer¬ 
cury , and perhaps helium, do not have one of the three 
structures just reviewed. Comp-lex, poorly established 
structures have been proposed for helium but the atomic 
arrangement in solid mercury is now well known. 

The arrangement is hexagonal, as for mercury 1 s ana¬ 
logues zinc and cadmium, but it is less simple. Its mona¬ 
tomic unit is a rhombohedron, with 

a 0 = 2.999 A. at -46°C. and an axial angle a = 70° 32 f . 


A cell of this shape expresses a cubic clos 
formed by compress ion along a body diagonal 
diagonal four-atomic pseudocell that shows 
to structure II, a has cto - 4.581 A. and an 
98° 13 f . The zinc and cadmium distortions 
close-packing make atoms in adjacent planes 
than those in the same layer; the compressi 
in mercury on the other hand brings atoms i 
layers especially close together. The mere 
arat ion within a rhombohedral (ill) plane i 
tween the nearer atoms of adjacent planes i 
An atom has six neighbors at each of these 


e-packing de- 
. The larger 
this relation 
axial angle of 
of the hexagonal 
farther apart 
ve distortion 
n neighboring 
ury-mercury sep- 

s 3.47 A; be- 
t is only 3. CC A. 

distances. 
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(II, e). Three elements in the third column of the 
P^odic table do not have simple crystal structures The 

onTtoJTeT ^ t0 "T 1 W ° rk U 1S Probably di^phous 

thorhonhie pseudotetragonal, with ai = S „ 0 = 17.86 A; 

O o. yo A., and c Q - Co - 10,13 A, 


lum and gallium 


(II,f). Indium has the tetragonal unit 


a 


= 3.244 A. , 


c 0 = 4. 938 A. 


share of ^1°™ body centered positions 000; 

™ t is « S!!, Ce V 8 f SUOh that its larger diagonal 
unit is a distorted faee-oentered cube havl 


The 

pseudo 



a i = 4. 



A., 


Co' = 


c o ~ 4. 938 A. 


ing^ut S in h ?hir^stLee^b rte,J - CUbiC group- 

the cube edges In 1S elor, ^ atlon along one of 

the cubic close-packing 1 ^!? S ^ equidist ant neighbors of 
distance of 3 pa a a % a11 lnto one group of four at a 

at 3.37 A. * * a ^ roup °f eight not quite so near. 


tained at room temperature^^ 1 ? U00 ° C * ’ ° r ° b " 

same kind of distorti r electrodepos it ion, is the 

that it involves a cn° bbe cu dc close-packing except 
along a cubic axis P re ssion rather than an elongation 

gamma-manganese has 6 face ~centered pseudocell of this 


/ _ 


3. 774 A. and c ' = 


rananese h a?omTre S I n 'Se t A the ei « ht n 

distance of 2 . 67 A ’ A ‘ away; the 


= 3.533 A. 


rest 
other 


neighbo 
four are 
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(II, g). Gallium is orthorhombic with two axes of its 
pseudotetragonal unit almost identical in length. The as¬ 
signed structure, containing eight atoms per cell, makes 
these atoms equivalent and places them in special positions 
(f) of the space group V h (Bmab) : 

Ouv; - 5 , u+-jz, v; -j^,u,v+-g; 0 ,u+-^,^-v; 

Ouv; l?,-s-u,v; -g,u,£-v; 0,£-u,v+ib 

These coordinates apply to a unit prism with 
sequence (see Table 11,5): 


s i n t he 


o = 4.5107 A. , 


= 4.5167 A., c 0 = 7.6448 A. 


The established parameters, u - 0.0785, v 0.1525, give an 
arrangement (Figure 11,6) in which a gallium atom has seven 

neighbors. One of these is especially near, at 2.44 A.; 
the others are in three sets of two each, at distance^ e 

tween 2.71 A. and 2.8C A. 

Three other elements, black phosphorus (II,m) and 
iodine and solidified bromine (II,v), have structures the 
bear a formal resemblance to this gallium arrangemen 
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II h 


Four elements of the fourth column of the periodic 
table — carbon, silicon, germanium and tin—do not crystal¬ 
lize in any of the foregoing arrangements. They all’have 
structures with the cubic arrangement characteristic of 

hpaw a^ition, the lightest [carbon) and the 

r" have other modifications that are in fact 
the stable forms. For carbon this form is, of course, 

.rap ,1 e, or tin it is the familiar tetragonal white tin. 

If h *j The unit aubes of crystals (Table 11,6) with 
dxamond structure have eight atoms in the positions: 


the 


(8e) OCC; Oprp; p-^0 


133. 3.2 3. 332. 

4 4 4 -? 444 > <<+ 44 * 4 ^ 4 ) 


or more briefly 


(Be) 0C0; 


11J, 

444 » 


F. C. 


rounded by four ^qSid Tst % ^ 1S Wel1 known ’ is sur_ 

regular tetrahedron (Fi^T re n ^ ( f* ors at the corners of 


^ - - J ' / + 

(lll^plane'which is'noH V** X " ray reflection from the 
outlined above- thp +k ° ° e expected from the structure 

normal diffraction data 63 " a *7 stals with th is grouping yield 
has been thp „* ais anorr, alous diamond reflection 


is 


wTuii tnis grouping 

has been the subiec+^e’ T ?‘ 1S anorTialou s diamond refle 
customarily interpret d + U ° h caref ul investigation. It 
concentration between 6 + ° ^ nd; ’- ca 'te an appreciable electron 

for the realitv of »» v, 3 ° ms ’ an d is in this sense evidence 

y ° f s hared-electron" bonds. 

tions indicative of int ra fher poor x-ray reflec- 

interesting work of r Srnal dist ortion. Some of the most 
the regions of non-Br^ 661 ^ ^ ears has been concerned with 

conspicuous in the x ~ ra .y reflections that are most 

heir careful analysis ^ ether distorted structures, 

detailed knowledge of + ^ S 3 power ^ u l tool for providing 
a crystal which are Symmetric thermal motions within 

Faxen (see 1943, L) . 1Cted by the theory of Waller and 
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(II, i) . The long—f ami 1 iar form of graphite has an 
elongated hexagonal unit with: 


a 


= 2.456 A., c Q = 6.696 A. 


Its four atoms are in the following two sets of 
positions of C ev A (C6mc) : 


c ial 


l 


and 


OOu; 0,0,u+-g, 

V3, %, v; 2 /S, v+ Vs 

where u can be taken as zero; v then is also practically 
zero and cannot exceed 0.05. The structure thus defined 
(Figure 11,8) consists of planes of linked hexagons of car¬ 
bon atoms widely spaced parallel to one another along the 
principal, c G , axis. Within these planes the C-C distances 
are all equal (1.42 A.) and substantially the same as the 
C~C separations in the benzene ring. The nearest approoc 
of carbon atoms in neighboring planes is 3.40 A. 
the forces operating between basal planes are very i 
ent from, and far weaker than, the bonds within the Car on 

planes; this is associated with the pronounced cleavage an 

flaky nature of graphite. It is in accord with t is i 
ference in bond character that, when graphite s ea e 
incandescence, expansion takes place along the c w ^ 

the dimensions within the carbon planes remain prac ica 

unaltered. 

Some graphites show weak lines that cannot be explained 

by the foregoing structure. Treatment wit s r ° n ®. ff 

' them but does not eliminate the usual diffrac 

It was demonstrated that they are 

leaves an ash, and it now ap- 
a secord form of graphite it¬ 
self. In ordinary graphite half the carbon atoms, rs 

in (a), lie directly over one al ^ he J ^ n * empty centers 
while the other half, those in (b), He ove * * 

of the hexagons of neighboring planes. ^ _t ^ mor e 

are thus identically placed, as they structure 

densely packed hexagonal close-packing » ^ from' this 

described for the new form of graphite tiffers iron. 
in that the third vertical plane is turned so that one of 


eliminates 

tion lines of graphite. 

an impurity that 
they result from 
In ordinary graphite 


not due to 
pears that 
elf. 
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(II, j). White tin, stable at room temperature, has a 
tetragonal unit containing four atoms in the special posi¬ 
tions : 


(a) 000; O^i; -gO§; -kki; 


of the space group D A h 


i e 


(14/amd). The unit with 


a 


= 5.8197 A., c 0 = 3.17488 A. 


at 25°C 


is of such a shape that each atom is surrounded by a dis¬ 
torted tetrahedron of neighbors at a distance of 3.02 A. 
and by two mere only slightly farther away (3.17 A.) in 
the c-direction. As Figure 11,10 indicates, the structure 
is a flattened diamond grouping whose base is its in¬ 
scribed diagonal. 

The diamond-1 ike gray tin has a Sn—Sn separation of 
2.8C A. Change from its fourfold coordination to the six¬ 
fold coordination of white tin thus involves increases in 
interatomic distances of from. 8 to ll^t. 

In aliphatic carbon compounds the single bond C C 
distance, as found in many structures of organic crystals 
and by electron diffraction in the molecules of many or¬ 
ganic vapors, is always close to 1.54 A., the C C separ 

ation in the diamond. Correspondingly extensive compari¬ 
sons cannot of course be made with compounds of the ot er 
elements having the diamond arrangement, but there are 
some electron diffraction data on the silicanes and ge 
manes. In silicc-ethane, H 3 Si—SiH 3 , and in hexach or 
silicc-ethane, Cl 3 Si — SiCl 3 , the Si-Si separation has 
been found (1938, B & B) to be 2.32 A. (in the metal it is 

2.34 A.). in H 3 Ge—GeB 3 and in H 3 Ge—GeH 2 —-GeE«, ® 

2 -41 A. (2.44 A. in metallic germanium) while m the lat 

ter compound the bond angle of the central £ e *' ni ‘' nl ^ | irr , p 
U Ge—Ce—Ge) = 112°) is substantially tetrahedral (1938, 

p > L & H) . 
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Ilk 


Aironp the elements of the fifth column of the periodic 
table nitrogen, phosphorus, arsenic, antimony and bismuth 
have more or less complicated structures. 

(II, k) . Solid nitrogen is dimorphous. The modifica¬ 
tion existing between 35°K. and the melting point is hex¬ 
agonal while the low temperature form is probably cubic. 
Hexagonal nitrogen has a cell with 

a ° = 4.039 A., c 0 = 6.C70 A. 

Its two molecules of K 2 appear to be hexaponally close- 

3 , 3 ' c 3 ters at 000 ; Vs.Vs. Vs and it has been sur- 

rot t !h . th u at °' r ' S are not in fixed Positions but 
rotate about these centers. 

tetraronai* th ® re have been reports that low nitrogen is 
approximate! 1 . Seerrs to be cubic with molecules arranged 

If the ato^iV n • CUMC close -P a okinR, i.e. at 000 ; F. C. 

ably then a^e in twn P ° S + tl0nS flxed by symmetry they prob- 
tions of T a (p 2 3 ) . S6tS ° f the f °Howing special posi- 


(4f) 


uuu, u+^s,p u, u; u, u-t-p, ^-u; pr-u, u, u+g. 


w IT 1 €T. ^ J i-' ^ J \^L y ^ • 

co: r :spohdio a ^ifrr eters - u - -°-° 4 •»*«' - °-° 7 - 

molecule. This e Par a tion of 1. Of A. within the 

by other methods fn^ 6S Wel1 Wlth the values established 

ethods for Raseous nitropen [Figure 11,18). 
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(II,1). Phosphorus has three crystalline forms, the 
inflammable white phosphorus and the chemically more inert 
black and red modifications. The atomic arrangement m 
the red form remains to be determined but work has been 

done on the other two. 

White phosphorus apparently is cubic unless the temper¬ 
ature is very low and it is reported to have a four atom 

cell with 

a 0 = 7.17 A. at -35°C., 

but these crystals rapidly change color under the ac ' ^ 

x-rays and the interpretation of such diffrac 
exist is not clear-cut. 

(II, m). A complete orthorhombic structure has been 

deduced for black phosphorus , which previ . 10 

scribed as hexagonal. It is like gallium m avi g ft 

li fts spiceTroup^d if axes are chosen 

coordinates follow in the sam| sequence as 

talline elements based on K* ,e , its unit prism has the 

dimensions: 


II 1 


II m 


a D = 3.31 A. , 


= 4.38 A. , 


= 10.50 A. 


The eight atone in this cell are in the same special posi¬ 
tions (f) Ouv, etc. as the_atoms in^gallium.^Tho^^ ^ 

established parameters, u i U m, the two 

5), are not ver, different from those environ . 

cells are so dissimilar in ‘f ,*f £ure n, ll). 

rrents in the two crystals are 

~ ^ Klack phosphorus, atoms 
According to this structure separated from one 

are in double layers which are w y hbors in one layer 

another. Each atom has two c third almost as near 

at a P—P distance of 2.17 A. and a tnir y P _P sep _ 

(2.20 A). In adjacent double exist. In 

aration is 3.87 A. Discrete v&por (1935, M, M&R) 

this respect it is not like P P diffraction to be com- 

which at 2C0°C. is shown by ele ^ lar tetrahedra. The 
posed of P 4 molecules that are fc is 2.21 A., only 

F-P separation in these -P 0 ;Xo!ecilar solid. 

slightly greater than in th ___ 
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Vapor molecules of the oxides P 4 0 e , P 4 0 8 and P 4 0 in also 

them P-P ?s°much r b S at ° mS et: ^ahedrally arranged but with 
;^p * P "f n,Uch bl eeer ca. 3 .00 A. (1937, M, H & D; 

t & S) > ln P 4 0.S 4 (193S, s) with the same vapor mole¬ 

cular symmetry as P 4 0 lo , P—P = 2.85 A 


II n 


rhomb ohedral Itracture* with° cells^f‘ ha ^ e . the 

in Table 11,7. The two al ^ h e t 6 t 
uuu; uuu. whprp „ +u are ln the positions 

The separations of nearest^oms ° f 5 of this table ' 

interatomic distances are from 15 to 25% greater. 

of grapLtTTlT like that ° f the new form 

axial angle lead to different . d1ffarent values of 

resembles the phosnhnm t f torr,lc relationships. It 
dent molecules and in th e ^ ou P in 6 in the absence of evi- 

close neighbors It d 0t that * ach atom ha " three 

character of black pho^phor^* blovveve;r > have the layerlike 
Though well-defin^a 

crystals of arsenic it m ° ecubes *3° not seem to exist in 
is made up of tetrahed Va i ar ’ like that of phosphorus, 
As—As distance in such l m °^ ecules (1925, M, hi & H) ; the 
slightly less than that in’°?; ecule ’ 2-44 A. at 5C0°C. , is 
(2.51 A,). Vapor rrolemn e cr y s ^ a ^- room temperature 

also have an expanded tetrad A p°” like thosa ° f P *°” 

atoms with As—As • 3 p n . ah ® dral arrangeir.ert of arsenic 

d.£° A. ( 1937> M> H & D . 1938> H & g)- 


Q P. 
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Almost every element in the sixth column of the peri 
odic table has a complicated crystal structure. A rela¬ 
tion exists between tellurium and one form of selenium, 
and possibly between a modification of sulfur and a second 
form of selenium. Otherwise these structures appear un¬ 
like one another. 


(II,o). Oxygen has at 
but the atomic arrangement 
Alpha-oxygen, stable below 
between 23. 5°K. and 43. 4°K. 


least three solid modifications 
in none is known with certainty 
23.5°K. and beta-oxygen, stable 
yield similar powder patterns. 


The alpha-form has been described as orthorhombic with 

a a = 5.30 A., b 0 = 3.82 A., and c Q = 3.44 A. 

■ of t.hP mo-pfi recent data conflict with this, others 


Some of the more r 
are in substantial 


The high temperature gamma-oxygen gives a £^ tern 

can be indexed in terms of a cubic uni w i 

a Q = 6-83 A. at 50°K. 

It has been proposed that ^ he ^"“le^istribSted^eoord- 
close-packing of pairs of 0* mol ^0 

ing to the requirements of the space grou h 


WYCKOFF: crystal structures 


II p 


’Otn suliur and selenium are polymorphous. Sulfur has 
an orthorhombic and two known monoclinic crystalline modi¬ 
fications. . hone of the forms of selenium is strictly iso- 
morphous with any of these, though two have monoclinic 

The^at ry * Metalllc selenium and tellurium are hexagonal. 

^lUr rth0rh0mMC SUlfUr and tQ hexagonal 

a ver-f large one UaWe ? f 0rdins ^ rhombic sulfur Is 

the striK'tnrp -p j -^-*8) containing 128 atoms. In 


(Fddd): 


xyz; xyz; 


y, i-z; 


y+ 


xyz; xyz; x+£, i- y , z+ i. 


1 1 


y + «,;£-z; F. c. 


MagroTS": ° f Table 9 ‘ Thi. Is an assea- 

as a closed puckered ring^f sulfu^ ? MCh ® aCh ^ appearS 

is ^ sult r atoms ; 

+ <->- - ’• » Xcs; . Ihe nearest approach 


3.30 A. 


of sulfur atoms in adjacent mol i The ne9] 

J cent molecules is ca. 

In deriving th-io ^ + 

tion and the angle ZS— the for egoing S—S sep«x-« 
basis of results obtain h • Were as sumed probable on the 
conditions different fro "t prit ^ liona ‘tes. This makes 
and arsenic where, as wao W 9t tiley are with phosphorus 
and arsenic separations Pointed out, the phosphorus 

ln the elements. Furth^ ae oxides are much larger than 
Phosphorus and arsenic !^ dence that sulfur is not like 
many sulfur compounds e, 0 m ilS res P ec t is the fact that 
S iOW the sam e atomic senar^ orystall ine, others as vapors, 
a on-s are in contact i n v l 10nS ' For example sulfur 
tides as pyrite. i n " v ^ 1 ° Ua thionates and in such sul¬ 
ci'; 5 A Electron dif£a e !? eSe theS -3 separation is ca. 

^odecuies (l 93e , 3 O of \ vapors of 

j ’ ^ 38 ,P; S&B) have furnished 

of ?’ ? S= 2.04 A.; in S2CI2* 
s = 1070 105 ; in (CH 9 ) 2 S 2 , S-S - 


s = 2 04 f PariSOnS: 

a. ;Sd z^r~ zci 


3 P • 
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Conditions are not so clear in the vapor of sulfur it 
self. The pattern from the vapor of pyrite heated to 

850°C. has been accounted for (1936, M.H&M) in terms of 
diatomic molecules with S—S = 1.94 ± 0.03 A., that ^ orn _ 
cooler sulfur vapor was interpreted through a model^of zig- 

zag chains three or more atoms in length with S . • 

and ZS— S— S = ca. 100°. In other investigations it has 
been shown (1937, H&-L; 1944, L&D) that the electron diffrac 

tion data are those that would be produced by puc ere & 
molecules of the size and shape found in crysta me 
rhombic sulfur, S—S = 2.07 A., ZS S S 1 

Crystals of monoclinic sulfur grown from the melt and 
held at ca. 103°C. during photography _ to vreven cell 

to the rhombic form give data that pom ° a 
with the dimensions of Table 11,8. The spaae estab- 

lished. An entirely different unit has be ®“ 
monoclinic sulfur obtained by elongating p i this 

(Table 11,8). It has been assumed that the ^i^ 

stretched sulfur do not form discrete mo . zigzag 

in the rhombic grouping but are arrange * n , nation). 

chains parallel to the b-axis (the been propo sed but 

Two configurations for such chain. 
a complete structure has not been es a 

When selenium is crystallized fromZci^dist inct red 
appears as one of two similar^it 3 i^obtained by crystal- 
monoclinic modifications. hhe from a melt or by 

lization at a higher temperature, • ^^ 31 . Rhombic 

devitrifying glassy selenium, monoclinic pseudo- 

sulfur can be described in term ifnic unit of alpha- 

unit that somewhat resembles t < e ™ ions between sulfur and 
selenium; and monoclinic solid s cell that has been 

selenium apparently occur thoug _ u nlike these other mono- 
assigned to such mixed crystals J, s work is required 

clinic cells. It is clear tha exist between the 

to clarify any relationships ^^tenium. 
several modifications of suit 


II V 


Chap 


II, text page 


19 



WYCKOFF: CRYSTAL STRUCTURES 


II q 


(II, q). Discrete molecules are not apparent in hexa¬ 
gonal seUmu* and tellurium. Instead the crystals are 

2S wftTJ 88 ? zipzag chains like those su ^ osed 

ranged spirally about the c-axis of cells wi?h the di^en- 

For Se: a 0 = 4. 35517 A. . Cq = 4. 94945 A. , a t 2 0 o C . 
For Te: a D = 4. 44695 A. , Co = 5 . 91492 A> ? at 20 o c> 

one or^he^ther^f 6 ?^ ^ special Positions of 

or D 3 8 : th enantl omorphic space groups DS 

D3 e (a): u00 ’ Vs; 0,u, % 9 or 


D 


(a): uCC; u,u, O.u.^fe 


with u (Se) = 0.217 and u Te) = 0 ?FQ (v TT 

These values of u rrak P So o ; ^o9 (Figure 11,13). 

u rralce s e—Se = 2.32 A. = o 


c-.o2 A. and Te—T e = 2. 86 A, 
Se—Se in a chain, pre- 


rp, - ' anu u 

hese values of u make Se 
alonp the chains. The anpl e ~Z Se 
sumably between the tmn 

is 105°; the corresDonH- rirrciry bonds of a selenium atom, 
electron di ffract i on ln + an 6le for tellurium is 102°. 

(WSS.MStla) indicates a shorter^ VaPOr st 900 ° C - 

Ihe nearest approach of i Se ~-e separation of 2. 21 A. 

is 3.46 A; i n tellurium ®® leniU111 atoms in different chains 
chains is 3.74 A. e corre spond inp distance between 

Solid to Ionium has 

s the heavy analogue of en studied by electron diffraction 
be ^pected to hev e a mil S f f niUJT ‘ 8nd tellurium it mipht 
seem to be the case. T bof ! Struct ure but this does not 
Proximate those of a hex* ^ ? he ° bser ved diffractions ap- 

li ~~ .7*06 A., they ha^e bee 119 } Cel1 Wlth “o = 4.25 A., 
irnc unit containing ip + described in terms of a mono- 

; v ' 4 : 29 A -< Co = 14.10 A t0ms a " d hav inf a o = 7.42 A., 

1 ° V * n F nine parameters h' S ? d ^ “ ca ' 92 °- A structure 

t i orc° f lnterpret inp the int" 660 SUfr 6ested tut the prob- 

pH from crya tals are so o SnS i ities of electron diffrac- 

red aa well established that cannot be con¬ 


ap . 
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The common forms of chromium, molybdenum and tungsten 
are the simple body centered cubic II, c. No other modifi¬ 
cation has been observed for molybdenum, but chromium is 
known in two and tungsten in one other arrangement. he 
only described structure for uranium differs from any of 
these. Chromium prepared in the presence of reducing su 
stances, by electrolysis, is commonly hexagonal close 
packed II, b but electrolytically deposited preparations 
sometimes are cubic with a structure like that o a p -3 
manganese II, t and with a Q - 8.717 A. 


(II,r). A second modification of tungsten appears 
when certain fused tungstates are electrolyze • 
cubic with a = 5.083 A. The eight atoms in its cel ave 
been assigned the following two sets of specia posi 

of 0 h 3 (Rrx3n) . 


in 


W(l): (2a) 000; ppp 


W(2): (6f) OH 


bk .; ioh 


11 


; 0 p 5 ; Co h 


1 3 


Atoms of the type W(l) have 12 neighbors at a dis 

2.82 A. while each W(2) atom has two neighbors at 2.52 A., 

four at 2.82 A. and eight at 3.09 A. . (riRure 
Heating above 700°C. drives this modification 
into the simple form II, c. 

This structure is also encountered in such intennetal- 

lie compounds as SiCr 3 SiV 3 (193 , 
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(II,s). 
rather than 
has 


Uranium has been described as 

monoclinic, as first supposed. 


orthorhombic 

The unit cell 


a ° - 2.852 A., b D = 5.865 A., 
with four atoms in the positions 


945 A 


(c) 


Oui.; 0,u,f; u+^,^ ; ^,^-u, § 


1 7 


of • 

nei^hbors 
four more 


With u 
at 2.76 

at 3.36 


0.105 each uranium 
A. , two at 2. 85 A. , 
A. (Figure (II, 15 ) 


atom then has two 
four at 3.27 A. and 
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(II, t) . The seventh column metal manganese has three 
modifications. Two of these are complicated cubic struc¬ 
tures while the third is a tetragonal distortion of the cu¬ 
bic close packing. 

The alpha form, obtained by fusing or distilling 
electrolytic manganese, has 58 atoms in a unit cube of 
edge 




a Q = 8.894 A. 

5 are 

in the 

• follov/ing special positions c 

(2a) 

000; 

i n 

(8a) 

www; 

www; www; wv/w; B. C. 

(24g) 

uuv; 

vuu; uvu; uuv; vuu; uvu; 


uuv; 

vuu; uvu; uuv; vuu; uvu; B. C. 

0. 317 

, u 3 

0.356, v = C. 042, u’ = 0.089, 


I - 


= 0.278. 

In this very complicated grouping each m9 ^^ e ® e 
has between 12 and 16 - neighbors at distances * * 

to 3.00 A. In spite of this complex!ty, however, the^ar^ 

rangement is not a great departure from ie dis- 

II, c, its cube edge being three times longer 

tortion in atomic positions being such os 
introduction of four additional manganese atoms. 

Parameters have not been established for 
electrolytic chromium said to have this ^ value s 

ir.ent. They presumably do not depa 
F.iven above for manganese. 

of,fjO r and llOO^C. 

Heta-manganese y stable between ^ i ‘ s generally 

and obtained by quenching ^om thi ^ are preeent 

considered to have a unit in w. has been given 

in a cube 6.30 A. on a side. A positio ns of 0- 

which places eight atoms m the 
with u = 0.0C1 and v = 0 . 206.: 
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(8.i) uuu; u+Vs. fe-u,u; u,u+^2, ^2-u; ^2-u, u, u+^2; 

^4-u, ^4-u, /^4-u; u + ^4, ^4-u, u + ^4 -u, u + ]/4 f u+^4; 


(I2q) V4-u,u, Ve; 

u + y 4 , u, ^8; 


?4- 

u. 







^4- 

-u, 

y2- 

U, 

? /8; 

u + 

?4. 

u+y2. 

y 8 

,y 4 

-u, 

u; 

? /8 

,?4 

-u. 

y2-u; 

ys; 

% 

, u + 

y 4 

. u; 

U, 

ye. 

y4-u; 

-u; 

U + 

y 2 , 

% 

,u+ 


U, 

ye,u + 


or in the 

According 
neighbors 
2. 67 A. 


%, u+^4, U+ ^2; y8,u + y4 f u; u, ys^-u; 

y2- u , 7 /8, : y 4 _ u; u +y 2> ^e,u+^ 4 ; u, y8,u+y4, 

corresponding enantiomorphic positions of 0 ? . 

to this grouping each atorr. is surrounded by 12 
at a variety of distances between 2.36 A. and 


rrent ba^er^ 35 also .' :een Published another atomic arrange- 
ftA c ° n a Un y of twice the edge length: a c ' = 12.58 A 
foHoSnfen S ^ n this cube have been said to be in the 

(8g) illf ZrW'l?" ° f °h •• OCC; etc, 

m = 0. 1C, u - v = o ^ °’ri. etC ‘’ UUV; etc - > wlth 

ing such a larger imit'hef^ ® x P erin,en tal basis for select- 

clear that adriit-i^ t as no1: ^ een Published and it is 

that additional work on beta-manganese is needed. 

obtained by Quenching*e close Packing in pamma-manfanese 

discussed under the o + from- above 110C c C. has already been 

naer the structure for indium (II, f). 
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A study has not been made of crystalline fluorine but 
the structures are known for the other solid halogens. 
Chlorine at -185°C. is tetragonal. Bromine at -150°C. and 
iodine at room temperature are orthorhombic with related 

crystal structures. 

(II,u). For solid chlorine there are 16 chlorine atoms 
in a tetragonal unit having 


II u 


a Q = 8. 56 A. , 


O = 6. 12 A. at - 185 °c. 


These atoms are in general positions of D 4 .i 1 


10 


(P4/ncm ) 


xyz; 

x, y, z+p>; 

p-x,y+p, 

z; 

x +_l y+jj p-Z 

xyz; 

x, y, z+pj; 

x+p, p-y* 

z; 

-p-x, p-y* p _z 

yxz; 

y, x,^-z; 

y + P, X+pr, 

z; 

p- y. x+p , z+ p 

yxz; 

y, x, -p-z; 

p-y»p-x. 

z; 

y + p,p-x, z + p. 


with x = 0.125, y = C.167, z = 0.107 (Figure II, 1 ) . 

is a packing of Cl 2 molecules in which each chlorine 
has its molecular partner 1.82 A. away and neigh 
adjacent molecules as near as 2.52 A. It s ou a hlv 

that this intramolecular Cl-Cl separation is . appreciably 

less than the Cl—Cl .- 2.01 A. found in chlorine gas by 
electron diffraction. 
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(II, v). The orthorhombic structures of bromine and 
iodine formally resemble those of pallium and black phos¬ 
phorus though their different cell shapes and atomic par¬ 
ameters lead to very different atomic groupings. Using 
the same axial sequence as with these other elements, the 
units of bromine and iodine have the dimensions stated in 
lable 11,5. The eight atoms in each prism are in the 

l OSi li° nS <f) ° f Vl,,S Greedy enumerated for gal- 
II,g. Their parameters are listed in Table 11,5. 


Br Br p ? .. 2? 6 this gives an intramolecular 

i q t, r? n * ' ’ ^ etween molecules the atomic separatior 

in Figure"Ii r i 7 ° r T* In . 1 ° dine > whose structure is shown 
between rmi*’ 1 1 Wlthin the molecule is 2.70 A. and 

ported for GS ^ least 3,54 Unlike the results re- 

practicallv ° r ^ ne ’ these intramolecular separations are 

vapoJs B^Br in <1933.181) 

^.28 A. and I —I = 2. 65 A. 
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(II, w) . Rhodium is the only eighth column element for 
which a complicated structure has been described. Ordin¬ 
arily this metal has the cubic close packed arrangement 
II, a but it has been reported under certain circumstances 
to have a larger cubic unit with a Q = 9.211 A. At present 
this assignment is uncertain s^nce other observers have 

net found it. 


ATOMIC RADII 

Very early in the study of crystal structure it was 
noted that if atoms we re given "radii" deduced from the 
observed atomic separations in one set of crystals, the 
addition of these radii expressed the interatomic distances 
found in many other crystals. For many years there was 
discussion of the applicability, significance and accuracy 
of such a simple principle. It has become clear that many 
factors influence the atomic separations in crystals and ^ 
that no simple additivity principle can be more thanapprox 
imate. Nevertheless within compounds held toget er y. e 
same type of chemical bonding, additivity and the radii 
that are its expression coordinate existing, knov' e & 
predict new interatomic distances to a first approxirrio 
Systems of radii corresponding, to important type., o ° a 
have been developed for this puipose. 

Atoms in the crystalline elements are not ^ . 

gether by the same kind of bond tut, since ra 1 relv 

crystals do not need any special calculation and are^erely 

half the observed minirral atorric separa loriu., 
veniently collected in one table (Table p, 10) . For the 
metals the radii of this table are usually referred to^a.^ 
metallic radii; for such extremely electronep 
8S the halogens they are "neutral in charac 
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TABLE II, 1. CRYSTALS OF THE ELEMENTS 


Element 


Name 


Table Paragraph 


Literature 


A 

Argon 

11,2 

11, a 

i 

Ag 

Silver 

2 

a 

I; II; 1933, S; O&Y; 
1935, J&.FJ 1938, H&R 

A1 

Aluminum 

2 

a 

I; 11; 1935, J&F; 
1936, J&S 

As 

Arsenic 

7 

n 

I; 11; 19 38, T&B; 
1939, S 

Au 

Gold 

2 

a 

I; II; 1935, J&F 

B 

Boron 

— 

e 

1943, L, H, N&H 

Ba 

Barium 

4 

c 

I,1941,K&M 

Be 

Berylllum 

3 

b 

I; II; 1935, O&P; N; 

0, P&R; 1936, K&T 

B1 

B 1 smuth 

7 

n 

I; 11; 1935, J&F; 
1938,J,S&K 

Br 

Bromine 

5 

V 

1936,V&W 

C 

Carbon 

6, 7 

h, 1 .j • n 

I; II; 193 6, H&W; 
1937,T; 1939,B,G, 


Ca 

Calclum 

2, 3 

a, b 

Cb 

Columblum 

4 

c 

Cd 

& 

Cadmium 

3 

b 

Ce 

Cerium 

2, 3 

a, b 

Cl 

Chlorine 

— 

u 

Co 

Cobalt 

2, 3 

a, b 

Cp 

Cas se oplum 

3 

b 

Cr 

Chromium 

3, 4 

b, c 

Cs 

Ceslum 

4 

c 


Cu 


Copper 


H&p; 1940,T&L; 

1941, L&S; t; 

1942, L&S; 1943,B; 

1945,l;R 
I; II; 19 4 1, K &M 
i; 11; 193 6, N 
i; 11; 1934, S; 

1935, K&T; J&F; 

1936, B 

I; 11; 1937, K&B 

1936, K&T 

I - 11; 1934,S; 1937,M 
1941,E,L&W;1942, 

e&l; f&m; 1943 , e&l 

1937, K&B 

I; I i; 1935, W, H&R; 
1937, W; 1940, S 

I 

I; I I; 1942, H&A; 

1935,B&S 
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Element 


Name 


Table Paragraph 


Mn 


Dysp ros iuir. 
Erbium 
Europium 
I ron 


Oalllum 
OadolInlum 
Ge rmanlum 
Hydrogen 
Helium 

Ha fnlum 
Me rcury 

Holmlum 

Iodine 

Indium 


Iridium 

Potassium 

Kryp ton 

Lanthanum 

LIthlum 

Magnesium 


Manganese 

Mol ybdenum 
Nitrogen 

Sodlum 

Neodymium 

Neon 

Nickel 


r. t 


Literature 

1937,K&B 
I; 1937,K&B 
1937,K&E 
I; II; 1935, j&f; 

1936, J&F; 1937, B, 

J&T; m; 1941 , b 
i; i I; 1935 , b 

1937, K&B 


h, J 

i 

— 

i 

b, d 

1938,T;K&T 

b 

I 

d 

i; II 

b 

1939,B 

V 

I;1943,S&S 

f 

I; I I; 1935, F&O 
193 6, A&A; 1938 

a 

i; II 

c 

I 

a 

i; ii 

a, b 

I I; 1937, K&B 

c 

I; 1940, P&A 

b 

i; 11 ; 1934 , s; 


1935, J&F; 0, P&R; 
1937, H&F; 1938, J, 
S&K; B&R; 1939, R&H 
i; II; 1934, w; 

1945,P&H 

i; 11 ; 1935 , j&f 

I; 11 ; 1937, v 
I; 1938, A&P 
11; 1937, k&b; 

1939,K&B 
I 

i; 11; 1935, b&s; J &?'• 

1936, J&F; 0&y; 

1937, B, J&T; 1939, 
L&M;1944,c 
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II. ELEMENTS 


TABLE II, 1. (3) 


Element 


Os 


P 

Pb 


Pd 

Po 

Pr 


Pt 


Rb 

Re 

Rh 

Ru 


Sb 


Sc 

Se 


SI 

Sn 


Sr 
Ta 
Tb 
Te 
Th 
T1 


Name 


Table paragraph 


Oxygen 


Osmium 


Phosphorus 

Lead 


Palladium 

Polonium 

Praeseodym 

lum 

Platinum 


Rub Idlum 
Rhenium 
Rhodlum 
Ruthenium 


Sulfur 


Antlmony 


Scandlum 
Selenium 


Silicon 

Tin 


Strontium 
Tantalum 
Te rblum 
Tellurium 
Tho rlum 
T1tanlum 


2, 3 


2, 3 
8 


2 

3. 4 


1 , m, n 


Q 

a, b 


a, w 
b 


a, b 
P, Q 


h, 3 

h, 3 


b, c 


Llterature 

I; 11; 193 6, K&T; 
1937, V 

i; II; 1936 , o, P&R; 

1937,O&R 
I; 1935, H, G&W 
i; 11; 1939, h; 

1941,S&W 

i; ii 

1936, R 

II; 1937, K&B; 

1939, K&B 
i; 11; 1933, o&Y; 
1934, S 
I 

i; II 

i; ii 

i; 19 35, 0, P&R; 

1937,O&R 
I; 11; 1935,w&B; 

1937, B 

I; 11; 1935, J &F; 

1938, T&B 

1939, M 

I; 11; 1934, T; 

1937, P&D; 1939, D&O; 

1940,S 

I; 1936, J &F; N 

I; 11; 1935, J&F; 

1936, K&T; 1938, J , 
S&K 

I; 1941, K&M 
I; 11; 1936, N 

1937, K&B 
I; 1940, S 
I 

I; 1936, B&J*. 

194 1, F, K &S 
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TABLE II, 1. (4) 


Element 


Name 


Tl 

Tm 

U 

V 

W 


X 

Y 

Yb 

Zn 


Zr 


Thallium 

Thulllum 

Uranium 

Vanadium 

Tungsten 

Xenon 

Yttrium 

Ytterbium 

Zinc 


Zirconium 


Table Paragraph 


3, 4 
3 


3, 4 


b, c 
b 


c, r 


b, c 


LIterature 


I; II; 1941,l&S 
1937,K&B 
I I; 1937, j& w 
I; 1936, N 
I; II; 1934, S; 
1935, J&F; 1937, M 

i; 11 

I I; 1939, B 
1937,K&B 
I; 11; 1933, o&Y; 
1935, B&S; J&F; 0, 
P&R; 1936, B; 

1937,W&H 

I; II; 1934 , s; 
1941 , F, K&S 
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II. ELEMENTS 


TABLE II *2. ELEMENTS WITH THE CUBIC CLOSE-PACKED 

STRUCTURE, Ila 

Element Name ao r(M) 


A 

Argon 

5. 43 (- 253°C. ) A. 

1.9 1 A 

Ag 

Sliver 

4.07787 (25° C. ) 

1. 44 

A1 

Aluminum 

4.04145 ( 25°C.) 

1.43 

Au 

Gold 

4.07042 (25°C. ) 

1.44 

Ca 

Cal clurn 

5. 665 

1.96 

Ce 

Cerium 

5. 140 

1.8 1 

Co 

Cobalt 

3. 554 

1 . 25 

Cu 

Copp er 

3 . 60775 ( 18 0 C. ) 

1. 27 

Fe 

I ron 

3. 6 3 ( 1100° C. ) 

1.28 

I r 

Irldlum 

3 . 8 312 ( 18°C. ) 

1. 35 

Kr 

K rypton 

5 . 694 (- 184 0 C. ) 

2.01 

La 

Lanthanum 

5.294 

1.86 

Ne 

Neon 

4.52 (— 253 0 C. ) 

1.59 

N1 

N1ckel 

3. 51684 ( 25° C. ) 

1.24 

Pb 

L e ad 

4.9396 ( 18° C. ) 

1.74 

Pd 

palladium 

3.88238 ( 18 0 C. ) 

1. 37 

1 Q O 

Pr 

P raeseodymlum 

5. 151 

1 • o ^ 

Pt 

Piatlnum 

3. 9 1580 ( 18 0 C. ) 

1.38 

Rh 

Rhodium 

3.79569 ( 18 0 C. ) 

1.34 

Sc 

Scandium 

4 . 532 

1 • 60 

Sr 

Strontium 

6.0 49 

2 • 13 

a ry Q 

Th 

Tho rlum 

5.04 

1.7b 

X 

Xenon 

6. 24 ( - 18 5°C. ) 

2 • 20 

i n 7 

Yb 

Ytterbium 

5. 468 

i • y o 
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II. ELEMENTS 


TABLE II, 3. 


Element 


ELEMENTS WITH THE HEXAGONAL CLOSE-PACKED 

STRUCTURE, lib 


Name 


Berylllum 
Calcium 
Cadmium 
Cerium 
Cobal t 
Casseoplum 
Chromium 
Dyspro slum 
Erbium 
Gadollnlum 
Hellum 
Hafnium 
Holmlum 
Lan thanum 
Magneslurn 
Neodymium 
Nlckel 
0 smlum 

Praeseodyrnl urn 
Rhenium 
Ru thenlum 
Sc an dlurn 
Terbium 
Tltanlum 
Thaillum 
Thul1lum 
Y ttrlum 
Zinc 

Zirconlum 


ao 


2. 28 10 5A 

3.98 

2.97311 


3.578 
3.532 
3. 622 
3. 57 
3. 32 


0 

57714A ( 18° C. ) 

52 ( 450 0 C. ) 
60694 ( 25° C. ) 
5.9 6 

4. 10 5 

3. 559 
4.418 

5. 648 
5. 589 
5.748 

5. 83 (- 27 1 °C. ) 
5.4 6 
5 . 6 20 
6.0 6 

5. 19983 ( 25° C. ) 
5. 890 

4. 32 

4 . 310 4 ( 20 0 C. ) 

5.908 
4.4493 

4 . 27 30 5 ( 20 °C. ) 


7 50 

9 368 5 ( 25° C 

14 


r (M) 


1. 13A 


1.48, 1 
1.82 


65 


4 7 
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ii. Elements 


TABLE II, 4 


PM ENTS WITH THE CUBIC BODY-CENTERED 
STRUCTURE, He. 


Element 


N am e 


ao 


r (M) 


Ba 

Barium 

5. 009 A 

2. 17 A 

Cb 

Columblum (Niobium) 

3. 294 1 

1. 42 

Cr 

Chromium 

2. 879 6 ( 18 0 C. ) 

1. 25 

Cs 

Cesium 

6.05 (- 18 5° C. ) 

2. 62 

Eu 

Europeum 

4. 573 

1.98 

Fe(a) 

Iron 

2.8 6075 ( 20 0 C. ) 

1. 24 

Fe (3) 

I ron 

2. 90 ( 800 0 C. ) 

1.25 

Fe(6) 

I ron 

2.93 ( 14 25° C. ) 

1.27 

K 

Pot as siurn 

5.20 (— 150° C. ) 

2. 25 

LI 

L1thiurn 

3. 50 17 ( 20 0 C. ) 

1.51 

Mo 

Molybdenum 

3. 1410 3 ( 25°C. ) 

1.36 

N a 

Sodium 

4. 28 20 ( 20 0 C. ) 

1.85 

Rb 

Rub 1dlum 

5. 62 (- 186° C. ) 

2. 44 

Ta 

Tan talum 

3. 2959 

1.43 

Tl 

Tit an 1 urn 

3. 32 

1.44 

Tl 

Thai1lum 

3.874 

1. 67 

V 

Vanadium 

3. 0 338 

1.31 

W 

Tun gs ten 

3. 15837 ( 25° C. ) 

1.36 

Zr 

Zlrconlum 

3. 61 ( 850°C. ) 

■" 
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TABLE 11,5 


II. ELEMENTS 


ELEMENTS WITH ORTHORHOMBIC STRUCTURES 
DEVELOPED FROM (f) OF V 


I 


Crystal 

ao 

bo 

Co 

U 

V 

Ga 

P (black) 

Br (- 1 50° C. ) 

I (18°C. ) 

4. 5107A 

3. 31 

6.67 

7. £50 1 

4.5167 A 

4. 38 

8.72 

9 .771 1 

7.6448 

10.50 

4.48 

4.7761 

0.078 5 

.090 

. 110 

. 117 

0.1525 

. 098 
. 13 5 

. 150 


TABLE II, 6. ELEMENTS WITH THE DIAMOND STRUCTURE 


Crystal 

C 

Si 

Ge 

Sn 


Name 

Carbon (diamond) 
Sill con 
Germanium 
Tin (gray) 


ao 


5597A 
4198 £ 
6£ 

46 


( £5°C. ) 


r (N) 

. 77 A 

. 17 
. 2 £ 

. 40 


TABLE II, 7. 


El emen t 


EL® 


TENTS WITH THE ARSENIC STRUCTURE:, II n 


N ame 


ao 


Shortest 
M—K 


As 

Sb 

B1 

C 


Arsenic 4. 

Antimony 4. 

Bismuth 4. 

3-C-raphlte 3. 


1 23 A 

497 62 ( 25° C. ) 
7 364 ( 25° C. ) 
635 


54°10' 
57° 6. 6 ' 

57°14.5' 
39° 30 ' 


0.226 
0.233 
0.237 
0.16 


2 . 5 1 A 

2. 87 A 

3. 10 





I I . ELEMENTS 


CELLS OF FORMS OF SULFUR AND SELENIUM 


Crystal 


ao 


o 


o 


S(monoclini c) 

S(plastlc, str. ) 

3 (rhomb1 c) 

S(rhomb1 c, pseudo cell) 
Se (monocl inlc, I) 

Se (monocl lnl c, II) 

3, Se (mono cl lnl c) 


10•90A 10.96A 11.02A 


26.4 
10.48 
8.90 
8.992 
12. 74 
8.48 


9.26 
12.92 
10 . 61 
8 .973 
8.04 
13. 34 


12 . 

24. 

8 . 

11 . 

9 . 
8 . 


32 
55 
90 
52 
25 

33 


3 

83° 1 6 • 

79° 15' 


M 


9 2 U 4 4 1 
9 1° 34* 
9 3° 4* 

6 7 C 30 1 


48 

112 

128 

32 

32 

32 


TABLE 11,9. PARAMETERS OF THE ATOMS IN RHOMBIC SULFUR 


Atom 

3(1) 

3(2) 

8(3) 

S(4) 


z 


0.017 

0.094 

0.167 

0.094 


0.083 
0.161 
0. 105 
0.0 28 


0 

0 

0 

0 


072 
20 0 
125 
250 
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TABLE II, 10. ELEMENTAL RADII IN CRYSTALS 


ELEMENTS 


I I . 


00 

co 

o, 


LO 


00 


C\2 

CO 


CV2 


co 


O 

CO 


o 


CO 

CO o 

— o 

>s • 
CP -H 


LO 

CO 

o> 


GO 

CO 


TP 

o 


o 

C\2 LO 
'— C\2 

o • 

O ▼H 


lO 


CO 


LO 

CO 


CO 

C\2 

(V 

Cx- 


c\2 


CO 

CO 


pp 


CO 

CO 

p* 

w 


00 

05 


CO 

£> LO 

— CO 

CO • 
O 'T-* 
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11. 


ELEMENTS 



Fig. II, la. The closest packed cubic arrange 
ment projected on a cube face. In this and all 

subsequent proj ection drawings, numbers within the 
circles give the fractional distances of atoms 
above or below the plane of projection. Ihe et 
ters A, B, C and D refer to correspondingly label¬ 
led atoms in the following packing drawing. 



Fig. II, lb. A perspective packing drawing of 
the closest packed cubic arrangemen 



Chap 


II, i 1 lus. page 1 


Fig. 
II, la 


Fig. 

II, lb 






II. ELEMENTS 



c 


Fig. II, 3a. A basal projection of 
arrangement in a unit prism of the 
est packing. 



the atomic 

clos- 



raw in£ that show s 

-p-i „ tt t-k A perspective uiowi e> 

several* spare's in" a hexagonal £»«•*„£££ 

grouping. SP hereB d d ®® l ^ lls way in Figure II, 3a. 
to atoms labelled in xnit> j 



Chap. II. Ulus, page 


Fig. 
II, 3a 


Fig. 
II , 3b 




I I . ELEMENTS 



Fig 

cent ere 



II, 5a. The unit cell 
arrangement projecte 


of the cubic 
d on a cube 


bodied 
face. 


Fig. 
II. 5a 



Fig. 
II. 5b 


Fie TT 5b A perspective drawing of the atoms 

fig. 11, DD. r + u p bodied centered 

sociated m “ ha ^;5 d 0 B refer to similarly label- 

atoms in the projection of Figure XI , 5a. 
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Fig. 

11 , 6a 


Fig. 
II , 6b 
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ELEMENTS 



Fie. II,7a. The 
cell of the diamond 
cube face. 


atomic positions in the unit 
arrangement proj ected on a 




(b) 


(c) 


the atomic 
correspond- 


Fig. II,7b. A packing drawing of 
distribution in the diamond structure 
ing to the projection of Fig. II,7a. 

Fig. II 7c. A perspective drawing of the unit 

cube of the’ diamond arrangement showing ow i 

atoms pack within it. 


Chap. 


II , illus. page 


Fig. 

II , 7a 


Fig. 

II , 7b 

Fig. 

II, 7c 














Fie*. II 8. A perspective drawing showing 
ds itions of the atoms in a portion of the struc- 
lre of ordinary graphite. Both the u an 
Den circles indicate positions of car on a oms. 
ie hexagonal unit is outlined by the ±eav;y 1 
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Fig. 

II,13a 


Fig. II,13a. 
tributionof atoms 
gonal selenium. 


A basal 
within 


projection of the dis— 
and about a unit of hexa 




• • • • 




1\* 






€• 


• •• 




•.*/j 


• •• .* I •• 


✓ . 


gtessas* 






a ; .• 


p. p 


• 0 9 


•; 




\ < 




•. 3 , 




<<! 


* _ * 

■•V 


• i •. 


-•AT* 


t *. 
* 


.# % 


.v*i 




•. * 


• . * 






% ,* 


> • * 


rf- ' • 


• .» 


34* 


% m • 
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• • 


• •< 


• * *A 




Fig. 
II, 13b 


ig. II,13b. 
ture of hexagonal 
basal projection 


A packing drawing of the 
selenium corresponding 

of Figure II, 13a. 


struc- 
to the 
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Fig. 

II, 17a 


Fig. II,17a. A projection of the orthorhombic 
structure of solid iodine upon its crystallographic 
b-face. 




Fig. 

II,17b 




Fig. II, 17b. A packing drawing of sol id iodine 
corresponding to the projection of Figure II, 17a. 
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CHAPTER III. 


STRUCTURES OF THE COMPOUNDS RX 


About 300 crystals of the type RX have been studied 
with x-rays. Most have structures belonging to one or an¬ 
other of a few types which can conveniently form the basis 
for their description and classification. The most import¬ 
ant types, characteristic of Fla Cl, CsCl, ZnS, ZnO and NiAs, 
will be considered first, and in this order. 


KaCl-LIKE ARRAN GEMENTS 


(lll,al). The largest group of these crystals have the 
structure of KaCl. The unit cube of this arrangement con¬ 
tains four molecules with atoms in the positions: 


R: (4a) 000; p-pO; pO h. 


11 


r 000; F. C. 

~ ill. tt r 


X: (4b) hhh:, oci; 0^0; hoo, or sss; F. C. 

As Figure 111,1 indicates, each F atom has six equidistant 

X atoms as nearest neighbors, and vice versa. ^ nCe ,f Se 
neighbors are at the corners of a regular octa e ron, e 
association is customarily said to involve an oc a e ra 

coordination. 

Compounds of the following chemical types crystallize 
with the KaCl arrangement: 

(a) Alkali and silver halides and alkali peeudohalidee, 
meaning: by pseudohalides such complexes as the cyanid , 

(CM), and the hydrosulfide, (SH) , ions. 

(b) Alkaline earth oxides, sulfides, selenides and tel- 

lurides, together with a few similar >"'° 1VlnK 

i -i o+ a i c o e i t*o n an d c a dm i um . 

such non-rare gas shell metals as i 
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(c) ftitrides, phosphides and other fifth 
compounds with trivalent metals, chiefly rare 

Carbides of various metals. 


column 

earths 


binar 


Data on these substances are listed in Tables III, 2, 4 
and 5. Columns 2 of the tables contain the best available 
determinations of the length of the edge of the unit cube, 
a o ; the observed separations of unlike atoms, designated 
R—X in column 3, is of course merely pa 0 -. 

It has been known for many years that there are simple 
and striking relationships of an approximately additive 
character between the atomic separations in these and many 
other crystals. Such relationships early led to the sug¬ 
gestion and use of systems of ionic "radii". In general 
there are two extreme standpoints from which the question 
of radii can be approached. One is empirical and builds 
up radii as a set of numbers derived from experimental datai 
and used primarily as a way of coordinating the interatomic 
separations measured in crystals. It may be hoped that tha, 
radii of such a system bear significant relations to spa¬ 
tial properties of the atoms to which they refer but their 
use and usefulness does not depend on our knowledge of sue ^ 
a relationship. The various experimental systems of ra i^ 
that have been proposed from crystal structure data are 
this character. From the opposite standpoint, an attemp 
may be made to compute a system of radii from existing 
knowledge of atomic structure and to combine these ra 
with known or postulated interatomic laws of force into 
system for computing the atomic separations observed in 
real crystals. The most extensive and valuable system 
this sort is the one Pauling built around the so-ca e ^ eT 
lattice theory of Born. Provided the artificial c ar^ 
of the atomic law of force assumed for calculation^^ 
necessarily approximate nature of the results ot>tal di j 
through its use are borne in mind, such computed ra ra ti° nS 
offer a most valuable way of correlating atomic Q f 

that cannot be explained through the simple aJdi 1 
constant radii. 
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When atomic radii were first discussed m connection 
with crystals, it was generally assumed that they expressed 
the region in space occupied by the atomic electrons. This 
significance can now be tested with the help of the more 
quantitative methods of measuring x-ray reflection inten¬ 
sities and of summing these intensities to yield maps of 
electron densities. Such studies have as yet been made of 
few crystals but they provide a powerful way of gaining 
direct knowledge of the distribution of the chemically ac¬ 
tive outer electrons of atoms and of the influence of chem 
ical combination on the shapes and sizes of real atoms in 

crystals. 

It was early realized that the observed interatomic 
distances in many but not all crystals could be expressed 
to a first approximation as the sum of atomic ra 11 
stant value. The distance between a pair of atoms depends 

on such factors as the number of neip* ors 311 nolar- 

i.e., its coordination, and on the deformabllity, or polar 

izabilitv of these atoms. Ihe interatomic di 

also stronply influenced by the nature of th ® 

ing the atoms together and this rea iza ion ionic radii 

introduction of several systems of radii. attrac- 

apply to crystals in which the dom:inant torn eS 

tions and repulsions between atoms ^ec Jther and very dif- 

through the gain or loss of el ato ms linked by one of 

the various "covalent" bonds that are generally considere 

to involve a sharing of j^to'describe distances be- 

principal bonding forces are neither 
relatively weak secondary forces of 


III a 


another set of radii 
tween atoms when the 
of these but are the 

van der Waals. 


to 


Most NaCl- like crystals ^hen^oni c^radi i applicable 
electrically charged atoms. their absolute 

them were first Proposed a ^system now’ generally accept- 

dimensions were in dou ^* s e stion that in Lil the 

ed was developed from Lande pared with the lithium ions, 
iodide ions are so big, comp 
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III 


xnax crystal size is determined by the imminence of con¬ 
tacts between these large anions, rather than between the 
ions of opposite electrical charge. From such use of anion 
contacts to establish absolute sizes and from interatomic 
distances observed in many kinds of crystals, Goldschmidt 
and others developed the extensive system of "empirical" 
ionic radii that is reproduced in Table III,3. 

-A. system of ionic radii computed some years ago by 
Pauling is for the most part in close agreement with these 
empirical radii. These computed radii are not, as is 
sometimes imagined, rigidly deduced from a knowledge of 
atomic structure, but they do provide a rational unified 
system that brings out clearly the kind of approximations 
and assumpt ions needed to coordinate x-ray data with exist- 
ing atomic information. For many crystalline compounds the 
principles used by Pauling in calculating "radii" lead to 
excellent agreement with observation. With other compound 
however, there are considerable divergences, and it is im¬ 
portant to see where they occur. The bases for these cal' 
culations have been so thoroughly outlined in Pauling’s 
papers and book that there is no need to reproduce them 
here. They will be discussed only to the extent required 
to show the meaning of the terms it is necessary to use. 

Observed ionic separations in NaF, KC1, RbBr and Csl 
are the starting point for computing these radii. 0pp°" 
sitely charged atoms in each crystal contain an equal num¬ 
ber of electrons, and have relative ionic sizes determine 
by their nuclear charges diminished by the screening ef¬ 
fects of the extranuclear electrons. In other words if 
Ri is such an ionic radius, then 


n 


thei 


^n - Lt5 constant for ions 
ir outside electrons, e 
ing constants, s, wei 


stants, s 
ions and 


p • /riiT*s 1 1 nn 

having the same ^ nf ^ liD ^s 
’ons, e.g. , for Na and F. ret i- 

were obtained partly from _ 0 f 

partly from experimental va 
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mcle refractions and x-ray term 
Na + and F~, have the electronic 
was 4.52. Hence, for example. 


data. For ions which, 
configuration of neon, 


Hi(Na + ) 


9 - 4. 52 


4. 48 


R* (F ) 


11 - 4.52 


6. 48 


+ 


and, since R X ( Na T ) + R x (F ) 

R x (Na + ) = 0.95 A. and R X (F - ) 
other isoelectronic crystals 
and the constants C n derived 
deduce the ’’univalent” radii 


2.31 A, (in crystals of NaF), 
= 1.36 A. Ionic radii in the 
can be obtained in this way 
through them can be used to 
of other atoms. 


The addition of such "univalent"' radii does not Rive 
the interatomic distances observed in crystals containing 
multiply-charged ions. Correction for the added_attrac 
tions existing, for instance between Mg and 0 in MgO, 

can however, be made in terms of Born s origina rea rre ^ 

of ionic lattices. The potential energy of a crys a wi 

the NaCl structure is: 


« 2 2 
-Ae z 


Be 


V = 


R 


R 


n 


where A is the Madelung constant obtained by summing the 

interaction of every ionic pair in the crys a » that 

efficient in the repulsion term and z is a ^ 

takes care of different ionic charges. Ihe interatom 

__ - ■» l TD 1 


(Rq) expresses a balance between 

Obtained by differentiating the 

• ■ 


^ V* v — — — — - 

distance actually observed 

attraction and repulsion. - 

equation with respect to R and equating o z 

can be written as: l 


nB\n- 1 


Ro (z) = 


,Az 


Tor ions of unit charge, having the univalent radii 

mentioned above, 

1 

nB 

Ro (1) =(• -' and 


n- l 


for ions of charge z, FoU) Ro (l) z 
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The Born repulsion exponent, n, appearing in these equa¬ 
tions is empirical and without well-defined physical sig¬ 
nificance; nevertheless values can be estimated in various 
ways. However determined, it is not the same for all atorr 
but increases from ca5 for the helium-like ions Li + , Be 2+ , 
etc. , to cal2 for heavy ions isoelectronic with xenon. 

"Crystal" radii Ro (z) calculated in this fashion are com¬ 
pared with the "empirical radii" of Goldschmidt in Table 
III, 3. Besides those for the closed-shell, rare gas type 
ions, radii were also calculated for a few non-rare 
ions as Cu + , Zn 2+ , using the values of C and Born n that 
a PPly to rare gas ions of nearest electronic configuration 
The computations have recently been extended to all sorts 
of incomplete rare gas shell ions (Kordes). 

Atoms in crystals as in other forms of matter are not 
sharply bounded and it is accordingly highly debatable what 
physical meaning should be attached to radii other than as 
devices for expressing relative "sizes" and additivity re¬ 
lationships. Accurate plots of electron densities based 

° n f .-i ° Ur ^ er surnrna ti°ns employing the maximum number of x-ra; 
reflections give a sound experimental approach to these 
questions, but they can not properly be discussed here. 

T he degree to which a simple addition of radii, such 
s ese of Table III,3 reproduces the interatomic dis- 
ances found in crystals with the NaCl structure can be 

• com P arin 6 columns 3 and 4' of Table III, 2. Such a 
comparison leads to the following conclusions. 


* + V 7 approximately correspond to inter- 

vaipnt 1S ances ■*- n crystals containing univalent and di 
Ind a 635 tyP ? cations U.e., the salts of alkalis 

not so hi ne ear ^ s ) whenever the associated anions are 
In thoQP 6 aS t0 be in imminen t contact with one another. 
lar«e anion SeSWhere a c Wal a PPears as a packing of 

as f n Lii Sma11 P ° sitive ions in the interstices. 

In crvstal=? epartures from additivity are considers 

Cd 2 ° y inteL^ ntaining non ~ rar e gas ions" like Cu + and 
of ionic radii^h J lstances sometimes approximate the f 

^ 638 She11 ca tions and the empirical radius may b 


a P * • text page 6 



III. COMPOUNDS RX 


very different from 
atomic distances in 
quadri-valent atoms 
ted ionic radii. 


the computed (e.g., Ag + ). The inter 

crystals involving trivalent and 
depart widely from the sums of compu 


III a 


(b) Precise data reveal small systematic departures 
from additivity even with the alkali halides. Their ob¬ 
served separations (see columns 3 and 4, Table III,2) be¬ 
tween atoms R and X are always greater than the radial 
sums by an amount which increases with the difference be¬ 
tween the radii of the ions concerned. Such a deviation 
from strict additivity is natural since disparity in ionic 
size brings like-charged anions close together and enhances 
the repulsive forces they must exert on one another, 
can be ’’explained” by a treatment based on the Born equa 
tions (Pauling) that is sufficient to reproduce observed 
spacings as accurately as they are now known (to 
thousandths of an angstrom unit). 

(c) In the few instances where comparisons are pos¬ 
sible the NaCl-like structures involving non-rare gas 
shell’ ions also depart from additivity but in 

posite to that just mentioned. The rnost strikiw^atple^ 

are the silver halides and the su 1 e, f 

the heavy’ and li K ht members ^-^Tbs^d^ffr'enoe 

whereas the difference in rad al J* ■= £ *> £ ^ 

ly the observed < 3 l f f ® r = n ^ [° Evidently the departures 
pared with a computed 0.37 . crystals are due to 

from simple additivity see 0 is the "double 

not less than two di f re feared to undergo). Another, 

repulsion” between anions refe aiides ^ ^ lead salts> 

seen operating in the ® . ao the deformability, or 

has for long been descri involved. Presumably both 

•'polarizability of the tons onvolved b - t polarization Js 

factors are at work ® compounds involving non-rare gas 

especially pronounced m P 

shell cations. 
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(d) The observed interatomic distances in trivalent 
n -!r^ S \ P ^? SphideS ’ GtC ” 321(3 in Quadrivalent carbides 

with the NaCl structure depart widely from the sums of the 
computed ionic radii of Table III, 3. On the assumption 
that this is due to inadequacies in the methods of calcu- 
ating radii for such heavily charged anions, empirical 
radii can be selected with the help of cation radii deter¬ 
mined from other crystals. Thus one can, as has been done 
in Table III, 4, take 1.15 A. as the radius of La 9+ and de¬ 
rive from their lanthanum compounds the radii of K°", P 9 ", 
etc., (the first five quantities of column 4). These tri¬ 
valent anions are very little bigger than the adjacent di¬ 
valent anions. Table III, 3. The rest of column 4 shows 
that such empirical radii do not conflict with the atomic 
separations found in other rare earth compounds having the 
HaCl structure. It also points to a progressive decrease 
in cation radius with increase in nuclear charge on the 
rare earth element; additional experiments are needed to 
indicate if this contraction is continued in compounds of 
rare earths of higher atomic number. 

(e) Information about non-rare earth nitrides and 
several carbides with the WaCl structure is collected in 
Table III,5. If these crystals are considered ionic, then 
(with the possible exceptions of ScN, TiC and ZrC) their 
cell sizes apparently are determined by contact between 
large anions (column e) rather than between anions and 
cations. A number of arguments can be advanced for assum¬ 
ing that this ionic picture is correct, but there are also 
reasons for viewing these crystals as metallic lattices 
into which small electrically neutral nitrogen and carbon 
atoms have been incorporated. Comparison of observed in-^ 
teratomic distances with the sums of the radii of the a o 
as elements (columns 3 and 7 of Table III, 5), demonshr-a ^ 
that (with the possible exception of HfC) such a hypo 
of neutral-atom structures agrees as well with observa^ 
as one based on the notion of ions. Careful studies o ^ 
electron density on properly chosen compounds may in 
future decide between these opposing views but no 
cision can now be made, and it is conceivable that 
truth lies somehow between them. In any event they 
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not isolated instances of structure data involving atorrs 
of the middle columns of the periodic tables which agree 
equally well with very divergent ideas about atomic size. 

Some of the nitrides and carbides of Table III, 5, 
have a variable composition that at first sight seems to 
set them apart from most NaCl—like crystals and to favor 
considering them as metal structures studded with carbon 
atoms. In these compounds the amount of carbon or nitro¬ 
gen is a function of the temperature of formation, and the 
size of the unit cube increases somewhat with the percent¬ 
age of metalloid. This larger cell may sometimes be due to 
solid solution with oxides and nitrides formed from air 
present when the carbide was made, but the evidence from 
materials prepared in vacuo seems sufficient to show that 
real departures from a strict 1:1 stoichiometric ratio do 

occur. 

Several other examples have recently been cited of 
NaCl-1ike structures of variable composition. For instance, 
the value of a D for Tik made by heating mixtures of TiCl* 
and N1 i 3 rises from 4.21 A. for preparations made at 40C C. 
to 4.255 A. for crystals produced at all temperatures e 
tween 1500° and 3000°C. Similarly a Q for TiC increases 
from 4.294 A. , when only 29 atomic percent of carbon is 
present, to 4.321 A., when, at 50 atomic percent carbon 
there are equal numbers of Ti and C atoms in the latUce. 

In this latter case, doubling the number of carbon atoms 
in the crystal increased the size of the unit by . 

0.03 A., or less than one percent. Similarly a _ 

carbide containing only 2. 5^ of carbon by weign .~p 9 \° 
4,395 A. and this was very littie expanded (to 4.462 A ^ 
when the carbon content was raised to 10.9/c. 

SnAs and SnSb also show variations in composition with cor 
responding changes in the sizes of t eir uni 

A few NaCl-like crystals built of divalent atoms do 

not contain 3 their component atoms in equal numbers and 

,, . 0+n1 harder to understand. ine tesx 

their problems are still narao . . y 

studied case is FeO contain only 

known for some time. Its crys 
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about 48 atomic percent of iron though the edge length of 
e unit depends on both the iron-oxygen ratio and the 
temperature of preparation. When the compound is heated 
with an excess of iron and quenched from a series of temp¬ 
eratures, a Q is greater the higher the quenching tempera¬ 
ture. This has been interpreted to mean that at elevated 
temperatures iron dissolves in and swells the FeO struc¬ 
ture; it could also represent an attempt to complete the 
lattice by approaching the 1:1 composition ratio. 

Other examples of oxides of variable composition are 

CdO which shows a similar though less marked expansion 

when heated with excess of cadmium, and VO, which is said 

to vary by 10^ on either side of a 1:1 atomic ratio without 
a significant change in unit cell size. 


Structures departing still further from an ideal NaCl 
structure also have been described. One of these has a 
composition varying between ThS© # 6Q and ThSo . 7 6 (<*o- f or 
ThSo . 7 6 = 5.674 A.). Another kind of deficit NaCl-struc- 
ture has been reported for CbO. Its cell is supposed- to 
contain three instead of four molecules as a consequence 
of the omission of a quarter of both columbium and oxygen 
atoms. 

In compounds held together largely by electrostatic 
forces between charged atoms the equilibrium distances be¬ 
tween ions will be greater the higher the coordination, 
i.e., the more neighbors an ion has. This is evident 
when one compares the interatomic distances in crystals 
of the alkali halides with the separations in their vap° r 
as determined through electron diffraction; atoms are 
9— 18% nearer one another in the vapors. Similarly the 
interat orri c distances in vapor molecules of the thallo^s 
halides are reported to be 21— 22% shorter than in thei 
CsCl-1ike crystals. ' This is to be contrasted with the ^ 
situation that exists when bonding is between neutral ^ 
in molecules that can be recognized in the solid; the ^ oJnic 
data reported in Chapter II have already indicated, a ' 
separations are substantially the same in the vapor an 
solid states. 
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Beside the cubic NaCl-arrangement just discussed, a 
number of compounds with less symmetry have structures 
which are simple distortions of it. They are discussed 

the following paragraphs. 


m 


(lll,a2). At room temperature the hydro sul ft de s and 
hydroselenides of sodium, potassium and rubidium are rhom- 
bohedral; above 150° to 180°C. the distortion this expres¬ 
ses disappears and they have the exact NaCl grouping dis¬ 
cussed above. 

The unit rhombohedra of the room temperature form, con¬ 
taining a single molecule have the dimensions listed in 
columns 2 and 3 of Table III, C. Alkali atoms can be con¬ 
sidered at the origin in CCG, and S or Se atoms at uuu with 
u = ca 0.50. The KaCl-like character is apparent when this 
grouping is described in terms of the larger four molecule 
pseudo-unit that has as axes the face diagona s o 
unit. The dimensions of these face centered J h ^ohedra 
(columns 4 and 5) are cubes somewhat flattened « _ 

body-diagonals. The reason for this flatteni g, J P 
sumably is linked with the positions of hydrogen ato , 
i.e., with the "shape" of the SH and _SeB ions is not of 

course fixed by x-ray data. Ihe ionic a e ndg 

Dlies could perhaps be "explaine y jy antithetic 

through atoms lying in these axes or y axes normal to 

hypothesis of SH and Sell ions rotating about axes normal 

the S-H and Se H directions “£is 

3-fold axes of the crystal). it wouxu t lv i 

i-p ii fnr 5 and be is exacny p* 
connection to determine if u tor o 


III a 


(III,a3). 


Crystals of thaLLous fluoride, TlF, are 
The unit prism contains four molecules and 


orthorhombic. - — - ^ ^^^ . 

has the approximately equilatera _ime 


a 


o 


= 5. 180 A. , 


O 


= 5 . 495 A. , Co - e.080 A. 


Thallium atoms are at points of a . 11 

with the coordinates: OGC; feO; ^Og, 0*$, 


face-centered lattice, 

and in the 
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described structure fluorine atoms are at Oio* 00^* 

-TOC. In these positions the distorted NaCl arrangement’ 
gives different interatomic distances along the three axia 
directions. The short T1—F separation along a Q (2.59 A.) 
is ascribed to the known high polarizability of the Tl + 

ion. 


This is one of the very few structures with low sym- 
metry in which all atoms are in unique positions. 


(lll,a4) . At room temperatures the cyanides of sodium 
and potassium have cubic NaCl structures (Table III,2). 
Ihe separate atoms of their cyanide ions apparently do not 
have fixed positions; instead these ions have a spherical 

symmetry that is commonly considered to be an expression 
of their ’’rotation”. 

This rotation cannot be maintained at lowered tempera¬ 
tures and then these salts invert to an orthorhombic modi¬ 
fication which permits definite positions to their carbon 
and nitrogen atoms. Their bimolecular units have the fol¬ 
lowing dimensions: 


Crystal 

NaCN 

KCN 


Temperature 

10°C. 


-eo 


o 


a c 

3. 74 \ 

4. 24 


bo 

4.71 L 
5. 14 


6.16 


In both, atoms, a 
Cs v - I mm: 


in the following special positions of 


Na, or K 
C and h 



(a) 000; 

(b) Oupr; u+i,0. 


rhe 

iium 


^ 1 -' 

•N sepa r ' 


■u. Ill, or vice versa. This corresponds to a C ■ 

ition of 1.05 A. within the cyanide ion and leads to ^ 

grouping shown in Fig. Ill,2. Intensities observed 

:he potassium salt are satisfacto rily accounted f° r q # i05 

inide ions of the same size, corresponding to a u 0 
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The relation of this structure to the NaCl arrangement 
is clear if it is described in terms of the larger four- 
molecule monoclinic pseudo-unit whose base is the parallel 
ogram that can be circumscribed about the rectangular a 0 fe 0 
face of the true unit. In this larger pseudo-cell for 


NaCN, a' = b& = 6.01 , c 


/ _ 


= c 


o = 5. 61 1. , = 104°. 


The distortion which produces this departure from high sym¬ 
metry is conveniently pictured by considering the CN 1 ions 
in this case as ellipsoids of revolution having radii of 
2.15 A. and 1.78 &. (Figure 111,3). It should be noted 
that this major axis is appreciably greater than the dia¬ 
meter of the ”rotating”ions in the high-temperature forms 
of these salts. 


(lll,a5). Cinnabar , one of the two known modifications 
of HgS, has a structure which probably is a distortion of 
the NaCl arrangement. Its hexagonal unit, as stated in 
Table 111,17 contains three molecules. Structures have 
been described which put atoms in the following special 
positions of D 3 4 |or in the corresponding positions of the 

enantiomorphic D 3 (C3 2 2): 

Hg: (a) uGO; u,u, 0,u, ^3 


C?. 


(b) 


vCV2; v,v,^6; 0,v, Ve 


u - 0. 33 
are at 


In the more probable of the suggested arrangements 
and v = 0.21. If u is exactly V3, the mercury atoms 
the points of a rhombohedral lattice. 

The structure as described above car he considered as 
a distorted haCI arrangement; but studies o 1 were 

ied out relatively early in the days o G 0' s a then" 

and more accurate intensity measurements than were 

possible are needed to establish its correc nes^. 
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CsCl-LIKE ARRANGEMENTS 


(III, bl). 


The very simple cesium chloride, CsCl, 
grouping places a single molecule in a unit cube having 
atoms in the body centered positions: 


R: 0C0, 


and X: 


ill 


Each atom is at the center of a cube of atoms of the oppo¬ 
site sort (Figure III, 4), and thus has the coordination 
number eight. 


Two different kinds of substances crystallize with 
this arrangement. In one group are halides of the largest 
univalent ions—cesium, thallium and ammonium; in the oth¬ 
er are intermetal 1 ic compounds of which beta-brass, CuZn, 
is representative. 


7. 


Data on the ionic crystals are collected in Table III> 
Since each atom here has eight instead of six neigh¬ 
bors it is to be expected that the ionic separations will 
be appreciably greater than the sums of the standard ionic 
radii that apply to the EaCl structure. Goldschmidt point 
ed out from x-ray data that this factor of increase is 
about 1.025. As can be seen from columns 3 and 4 of Tab < 
III, 7, radial sums multiplied by this factor well repro¬ 
duce the observed interatomic distances, except for CsSH, 
CsSeH and T1CN. The reasons why their calculated inter 
ionic distances are too great are not apparent. 

has calculated an approximately valid co0 5* c ^ 
ion in terms of the Born equations. It 


Pauling 
ation co 
the form 


R 


Ri 





A 2 Bi 



n- 1 


• * fi q 

where R 2 and Ri are the effective radii of an ion 1 
rangements 2 and 1, A 2 and A ± are the Madelung c ° n ^ ls ion 
for the two arrangements and Bi and B 2 are tho nep 
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A 


coefficients taken proportional to the number of anion- 
cation contacts (for CsCl Bi = 6 and B 2 - 8). If the Born 
exponent is 9 this gives R 2 /Ri = 1.037, which is of the 
same order of magnitude as, but appreciably greater than, 

the experimentally found 1.025. 

Consideration of the relative sizes of the ions in¬ 
volved makes it easy to understand why only compounds with 
especially large cations crystallize with a CsCl arrange¬ 
ment. As might be expected, experience shows that a struc 
ture which brings ions of the same charge (usually anions; 
into contact with one another is relatively unstable. For 
the CsCl grouping X ions will be in contact with one an¬ 
other if the radius of R,r(R), is less than 0.73 times the 
radius of X, r(X), that is whenever the radius ratio 
r(R)/r(X) ± 0.73. In as far, then, as like-ion contacts 

are the factor determining structural instability this 
cubic, or eight-fold, coordination of CsCl will not occ _ 
when either ion has a radius less than 0.73 the other. 

few of the alkali halides have cations big e « ou f ox 
ceed this minimum ratio; the rest, and all alkaline eart 

salts, can have cation-anion contacts on W ir \G~G with a 

with a coordination number less than eig • value 

cation radius r(R) decreasing, from, its Urge cesium value 

a transition may be expected at about rtE)/ W ' J 3 to 

the six-fold, octahedral, coordination characteristic of_ 

the RaCl arrangement. Anion anion con ac^s arran _ ent if 

formable ions would in turn occur w that for most crys- 

r(R)/r(X) =< 0.41; and it is to be "ot^that.for meoat 

tals with the haCl structure c become possible 

If r(RWr(X)= G. 41 cation-anion contacts become possiore 

' . -p/s t r? + p + r ahedral, coordina 

in structures showing four-fox , 

t ion. 

Data on intermetallic compounds with the CsCl struc- 

. • Toki t=> TIT 8. Comparison oi men 

ture are recorded ln Table 1 ^ the meta llic radii of 

Table 11,10, (Column 4 of Table 111,8^^ ^ ^ preater 
sums of the metallic radii may largest 

than the observed int Radial sums' is in compounds 
shrinkage from the metallic 
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in ? -“ t J liuin > magnesium, beryllium and thallium* i 

ical "diffPT'Pnno" + y increases with the chei 

extent of their horizontal separatT^ln' the periodJo taMe 

server?i ai B? rf eX r Pti0n t0 thlS iS T1B1 ln whlch the ° b - 

served II Bi distance is surprisingly large. 

Ammonium cyanide, NH 4 CN, resembles in 

ea.Tse it SbrUCture llke CsC] - but its symmetry is lower be- 
cause its CN groups cannot rotate freely. It is tetra¬ 
gonal without an inversion down to at least -80°C. The 
unit ceil contains two molecules and has the peculiarity 

o s rin ing only along the c-axis as the temperature is 
lowered. Thus, 


At 35°C. 
At - 8 G°C 


a o = 4. 16 A. , c 0 = 7.64 A 
a o = 4.16 A., c 0 = 7.45 A, 


The ImH 4 ions are in special position 


HI. 113 


of D 4 .l 1 (P4/mcm) , and the carbon and nitrogen atoms to 
frether seer to occupy the four-fold positions 


uuO; uuO; uup; uup 


1 


with u = 0.095 (Figure III, 5 ). 


and 


This structure explains both the anisotropic expansion 
the x-ray intensities at high and low temperatures if 
one assumes that the CF ions vibrate preferentially along 
the c—direction and normal to their axis# Such a favore 

vibration can be imagined as a first step towards rotation. 

(lll,b^>). Crystals of Phosphonium iodide, Ptult 
vide the only other simple distortion of the CsCl arran ^ 
ment# They are tetragonal with a two molecule unit. e 
dimensions for PH 4 .I and its isomorphous compounds are 

listed in Table III,9. 
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The atoms of PH 4 I are in "the following special posi 


tions of D 4il (P4/nmm): 


P: 



000 ; hho 


I: (c) O^u; iOu 


1 . 


with u - 0.40. If the 
u were exactly p, this 
CsCl arrangement. 


axial ratio c/ a were 1 :^ 2 , and if 
structure would be an undistorted 


In t etramethy L ammonium chloride , P ( Ch 3 ) 4 -C 1 , the 
atoms are tetrahedrally. arranged about the nitrogen 
in the special positions 


carbon 

atoms 



wOv; Oww; wOv; Owrv; 


w 



\&,v; p,w+t?,v; 5 


w, hi v; 


i, i-w, v 


with w = 0.15 and v somewhere between 0.10 and 0..17. The 

lower symmetry of the structure asawoeis 
derstood in terms of the adjustments necessary to pack 
together these large tetrahedral n(CH 3 )4 ions with th 

halide anions (Figure III, 6). It is i qomorchous 

apply this same type of "explanation to the 

ammonium and phosphonium compounds. n era f 

indicate that PH 4 I should be viewed as a cloS e-^king of 

one another, lying embedded in holes in this packing.^ 

Each I’ is surrounded by ten I neig ' 3 67 A 

4.62 A. and by eight PK 4 ions, four with HU - :1 ^67 ^ 

, _ . T = 4 21 A. The shorter of these sep 

and four with PH 4 - I 4 * , radii of 1 » and the 

arations is less than + the sum qs q sphere but it would 

probable value of PH* consider which hv- 

be compatible with Rented PiU ^ special posit ions 

drogen atoms were, for mstanc » . . 

found for the carbon atoms in Hi 3 ) a 


More work seems 
with this structure 
meter u should have 


needed on the three ammonium compounds 
Thus it is not evident why the para 
the very different values reported for 
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MUSH and for gamma-MUBr since their unit cells 

ly identical and Br 1 and SH f ions ordinarily have 
the same radii. 


are near 
nearly 


Several other crystals of the type RX have their atorrs 
in the positions of D 4n ? described for PH 4 I. Their axial 
ratios are however so different that the arrangement is no 
longer a distortion of CsCl and they therefore will be 
discussed at a later point, under III,el. 

A still simpler distortion of the CsCl arrangement has 
been described for NH 3 (CH 3 )C1. Recent work suggests that 
the unimolecular tetragonal cell of this structure is too 
small and it therefore will not be discussed at this 
point. 



III. COMPOUNDS RX 


TETRAHEDRAL STRUCTURES 


The two most important arrangements RX showing four¬ 
fold coordination are those typified by the cubic zinc 
blende, ZnS, and the hexagonal zincite, ZnO. These two 
structures in spite of their different symmetries are 
closely related to one another. 

(Ill,cl). The zinc sulfide arrangement, like that of 
NaCl, contains four molecules in its unit cube and is de¬ 
veloped on a face centered lattice. Its atoms have the 

coordinates: 

R: (4a) 000; Gp^r; Joi-; or CCC ’ F - c * 


III c 


X: 


(4b) 


iii; iff; fif; Sfi* or 


f. c 


As can be seen from Figure III,7, each atom has about it 
four equally distant atoms of the oppoBite sortarrange 
at the corners of a regular tetrahedron. . 

were alike this would of course be the diamond arrange- 

ment, II h. 

(Ill,cS) The atoms in the two-molecule hexagonal unit 
of the zincite arrangement are in the positions. 

R: 000; Vs. Vs. V2 


X: 


COu; Vs, ^3, u + 1 /2 


, 4 . 0 ^-p oi q 1 . pos 1 "t ions (^ 0 ) 

which are derived from two sets of speci v 

a g. 9/_ 1__ . l/o Vnx i a r* Vi n XT O I C 


o Ub ^ X ^ ^ ^ --- 

of C„/(C6mc): Vs. z /3. v; ^.Vb.vU/a by a change of orijin 


to th^ point ^.RO. The axial ratios.= J "ystals with 
this structure have always been close to (ri 

the parameter u to C. 375. »"f' «»/ 

ure III, 8 ) each star has a ou cubic ZnS arrangement 

of the opposite sort, just as 

These structures can be conven 1 ently 
artificially, considered as are ^ acked in a 

tetrahedra. In zincite the t 
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hexagonal close-packed array with the tetrahedral edges of 
alternate layers rotated through 180° about the c-axis; in 
zincblende they are parallel to one another in layers re¬ 
peated according to the demands of cubic close-packing. 
Such a way of looking at these structures suggests the 
possibility of mixed packings similar to those described 
in the previous chapter for graphite and for metallic co¬ 
balt. The modifications of SiC about to be described are 
such mixed tetrahedral arrangements. 

At least 28 compounds crystallize in the cubic ZnS 
structure (Table 111,10), and 15 more are known to have 
structures like that of ZnO (Table 111,11). From a chemi¬ 
cal standpoint these compounds are of two sorts: (l) sub¬ 
stances involving especially small cations with complete 
rare gas shells, like Be 2+ , and (2) halides, oxides, etc. 
of incompleted-shell transitional metals. These two ar¬ 
rangements are so much alike in their spatial distribution 
that one would not expect important energy differences be¬ 
tween them. It is therefore not surprising to find that a 
number of compounds appear in both structures. Though 
there is no obvious way of predicting when a substance wil 
crystallize in one or in the other arrangement, it is the 
oxides in a series of tetrahedral compounds that are ZnO- 
1 ike. Thus the oxides of beryllium! and of zinc have ZnO 
structures in contrast to the selenides and tellurides of 
these metals which are cubic. 

The two atomic separations listed in column 4 of Table 
111,11 are the consequence of c/a being not exactly 1* 63 
in most ZnO-like crystals. They have been calculated o 
the assumption that u in each case is 3/8 but precise de¬ 
terminations should be made on several of these crystals^ 
to see if measurable departures from this parameter va 
oc cur. 
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of interatomic distances. Such a comparison can for ex¬ 
ample be based on data from MnS and MnSe, each of which is 
dimorphous, with an EaCl-like and a ZnS-like modification. 
The two forms of these compounds have similar physical 
properties and there is no evidence for a large energy- 
difference between them. The same kind of reasoning; used 
for comparing*, the atomic separations in the CsCl and NaCl 
structures leads one to expect that interatomic distances 
in a tetrahedrally coordinated structure should be from 
92-96% of those found when the coordination is six-fold. 

The ratios of the last column of Table 111,12 indicate that 
this is true for MnS and MnSe and that both their tetra¬ 
hedral and their octahedrally coordinated forms may be 

ionic. 

Evidence that may point to a fundamental difference be¬ 
tween MnS in its two arrangements is, however, furnished 
by solid-solubility data. Thus up to 62 /o MnS dissolves in 
ZnS with the zinc blende structure, lut NaCl-like does 

not take appreciable amounts of the zinc into solid solu 
tion. Similarly, though a 1:1 solid solution of Zn^ an 

I CdS has practically the same spacing as MnS, MnS and this 

solution are not completely miscible. 

Data from other crystals do not agree equally well with 
the picture of ionic tetrahedral structures. The inter 

atomic distances of column 4 of Table 111,10 and o 
5 of Table 111,11 are sums of the standard ionic r 
duced by the factor 0.93. for the _ beryllium salts and the 

cuprous halides (provided Cu + is given an empinca ra 
of 0.63 A.) they are in satisfactory agreement with the 
observations of columns 3 and 4, but differences in 
other cases suggest that it is difficult to consider as 

ionic the bonding in these crystals. 

Goldschmidt showed years ago that a series Sfrorv a 
electronic crystals with the ZnS struc ure , same 

similar series of UaCl-like crystals in Observed 

atomic separations throughout. °r examp . , me tallic 

R—X distance in the ZnS-liKe , +0.02 A.: 


I c 


Ge 


2 y 


distance in tne -- . Q , r pp a . 

each with 64 electrons per formula, is s.44 ±0.02 A., 
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con, trary in the isoelectronic ionic crystals KF 
aO, Sch and TiC the R—X separation decreases with in¬ 
crease m valence (though this decrease is small in passing 
from Sch to TiC) . The interatomic distances in most tetra¬ 
hedral crystals are close to the sums of the elementary 
radii of Table 11,10; the only exceptions involve strongly 
electropositive metals, such as Al, Mg and Be, and a few 
other crystals* Nevertheless it has become customary to 
compute atomic separations in these and other "non-ionic" 
crystals in terms of empirical "neutral" atomic radii. 

The most extensive system of this sort is furnished by the 
covalent radii of huggins and Pauling, which are sometimes 
broken down further into tetrahedral, octahedral, square, 
etc. designations depending on the type of shared electron 
bond expected in the crystal. As can be seen by comparing 
columns 3 and 5 of Table 111,10, the sums of the neutral 
radii of lable 111,13, agree well with the interatomic dis¬ 
tances observed in all ZnS—like crystals except CuF and the 
salts of manganese. There is a similar agreement in all 
ZnO—like crystals other than the salts of manganese (col¬ 
umns 4 and 6 of Table III,ll) but the significance of this 
is beclouded by the fact that the observed R—-X distances 
in these crystals also fit reasonably well with the sums of 
the standard ionic radii corrected for four-fold coordina¬ 
tion (column 5 of T*h1^ ttt n 1 


The hydride of copper has been included in Table iHf 
11, because it has been supposed to have the ZnO arrange- 
ment. Actually the existing data do no more than show t s 
the copper atoms are in a hexagonal close packing. The 
formation on Tap is eaually inconclusive but more accura 
measurements might provide definite information about t e 
positions of its nitrogen atoms. 

One of the most interesting" compounds with the Zn . ^ 
structure is ammonium -fLunr-rrio rcw. w The interatomic ■ * + 

assemblage of * 

and F ions but unlike other possible ionic ZnO-like _ 
tals, such as BeO and MgTe, its ionic radius ratio a ^ 
outside the range of values to be expected from tetra 


ammonium fluoride , KH*F. 
tances are compatible with its being an 
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hedrally coordinated compounds. It has been suggested 
that this structure is the consequence of hydrogen bonds 
between nitrogen and fluorine; if they exist they do not 
yield the especially short distances through hydrogen that 

are the ordinary mark of their presence. 


Ill c 


(lll,c3). Silicon carbide, SiC, occurs in several mod 
ifications which, in spite of a formal complexity, are sim¬ 
ple in basic principle and closely related to one another 
and to the tetrahedral structures just described. One form 
is cubic with the ZnS arrangement, the others are either 
hexagonal or rhombohedral. Their close relationship to one 
another is best expressed in terms of hexagona un \ s an 
pseudocells; when this is done they prove to have e sam 

value of a D and a value of c D which is 2.51 A times t 
number of molecules in the hexagonal cell (Table 111, ). 

The beta-form, which formerly was designated as IV, has 
the cubic ZnS arrangement, III, cl. with the~ sip = 

teratomic distances C — Si 1.89 . an ^ te d if 

the 9 c ry g t a 1 1 we re ^Mc^^ ^ki^of ^ ions (radius 

; X. 5 /!., -itS.Si-I.ion. ly r r?oT 

six-fold 6 coordination and’1.92 « * °- 95 ' ^ ?& ^ 

four-fold coordination that prevai s in a te of 

It can however equally w 11 ^ CO valent bondings; on this 
neutral atoms held tomethe y = £ If one prefers 

the 1 ionic picture' this* and' the other ^dif icat ion^of.SiC^ 

can be imagined as different wais^ofcose * the 

^^Lgr^r^r^rSist^t^n ^ —d 

hedra. 

q; p of+pr the bet a-modi f i ca 

The two simplest forms of C, af^ in 

tion, have hexagonal units. , 

the units of Table III.14 are as follows. 


this structure. 
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Type Alpha- 
all on trigonal 



: The atoms of its four molecules are 
m special positions of C gv A : 

(a) OCu; 0,0, u+^2 

(b) V3, %, v; ^5,v+V2 


with u(C) = 0, v(C) = 1/4 
(Si parameter = C paramet 


d u (Si) 
+ 3/16) 


= 3/16, v (Si) = 7/16 


the 

1/6 

(Si 


Type Alpha-II: The atoms of its six molecules are 
sa ™ e s V ecial positions of C ev 4 with u (C) = 0, v(C) = 
and 5/6, and u(Si) - 1/8, v(Si) = 7/24 and 23/24 
parameter - C parameter + 1/8). 


in 


,.^ ructures have been described for three of the four 
modifications having rhombohedral units. In each the atom 

are also on trigonal axes with the singly equivalent posi¬ 
tions uuu corresponding presumably to the space group 

nv , ~ R3m. The dimensions of these rhombohedra and the 
number of molecules in each are stated in columns 2, 3 and 

4 of Table III, 14; the values of u are given below. These 
structures are, however, best compared with one another by 
stating atomic positions within three times bigger hexa¬ 
gonal pseudo-cells (columns 5, 6 and 7 of Table 111,14). 

The atoms in these occur in triplets with the coordinates 

00 u; x /z, z /z, V3+u; %, 1 /z, z /3+u 

and the same values of the parameters u that apply to the 
rhombohedral unit. 


Type alpha-I: The atoms in 
cell have the parameters: u(C) = 
13/15 and u n (Si) = u n (C) + 1/20. 


the 15-molecule pseudo- 
O, 2/15, 6/15, 9/15 and 


Type alpha-IV 
cell have the 



15/21 and 17/21 and 


The atoms in the 21 molecule P sea( V/i>i 

= 0, 4/21, 6/21, 9/21, l2/21>i 


rs : u (Si ) 
u n(0 = u n (Si) 


1/28. 
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Type alpha-VI: The atoms in the 33-molecule pseudo¬ 
cell have the parameters: u(Si) = 0, 2/33, 6/33, 8/33, 
12/33, 15/33, 18/33, 21/33, 26/33, 27/33 and 31/33 and 

(C) = u (Si) + 1/44. 


Ill c 


u 


n 


The cubic beta-form is easily 
similar hexagonal pseudocell. It 
rhombohedral and three in the 
both u (C) = 0 and u(Si) = 1/4. 


expressed in terms of a 
has one molecule in the 

pseudocell. For 


assigned 

51-molecule 


Type alpha-V: Positions have not yet been 
to the atoms in the extraordinarily complicated 
pseudocell of this modification. 

Each of these structures can be considered as having 
planes of carbon atoms (or of silicon atoms), viewed either 

as packed ions or as centers of tetrahedra stac e ° ne 
above another in different arrays. For the simplest, beta, 
modification, the second of these layers is o vious y is 
placed with respect to one chosen as first y / » ’ . 

and the third layer by 2/3, 1/3, 2 / 3 ; the fourth layer at 
0, 0, 3/3 is then directly over the first. f 

in Chapter II when discussing cobalt and the ™ as 

graphite layers in these three positions are 
0, 1 and 2, then the vertical sequence in the beta fo , 

that of a cubic close packing, is 

0, 1, 2,0, 1,2, 0,1,2,. 

__ q • p nc. not show a ZnO—like arrange— 

For some reason SiC does no . ^ dis- 

tnent; if it did of course the second vertical layer, dis 

th/ eicf'' Such I hexagonal close pa chad sequence 

would be 


0 , 1 , 0 , 1 , 0 , 1 , 0 , 1 , 

and would have an identically pi 
neath any chosen one. 


d plane above and be 
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III 


For 

III: 

For 

II : 

For 

I : 

For 

IV : 

For 

VI : 


Expressing planar displacements in the vertical se¬ 
quence ln this fashion, it follows directly from the co- 

6bOTe that 

O, 1,0,2, o, 1,0,2,. 

0 , 1 , 2 , 0 , 2 , 1 , 0 , 1 , 2 , 0 , 2 , 1 ,. 

0 , 2 , 0 , 1 , 2 , 1 , 0 , 1 , 2 , 0 , 2 , 1 , 2 , 0 , 1 , 0 , 2 , 0 , 1 , 2 .. 
0 , 2 , 1 , 2 , 0 , 1 , 0 , 2 , 1 , 0 , 1 , 2 , 0 , 2 , 1 , 0 , 2 , 0 , 1 , 2,1 •• 

P, 2, 0, 1, 2, 1,0, 2,0, 1,2, 1, 0, 1, 2, 0, 2,1, 0, 1, 

2 , 0 , 2 , 1 , 2 , 0 , 1 , 0 , 2 , 1 , 2 , 0 , 1 . 

+ Vin+ follow Chapter II by designating as H a plane 

11 1 has the same, and by C a plane that has different dis- 

S a ^° ve below it (corresponding to the hexa- 

, 3X1 cu lc oloso packed distributions), the sequences 

in these forms of SiC can also be written: 

0 , 1 , 2 , 0 , 1 , 2 , 0 , 1 , 2 , 

cc ccc ccc 

0 , 1 , 0 , 2 , 0 , 1 , 0 , 2 , 0 , 1 , 0 , 2 , 

kch chch chch 


For 

beta: 

For 

a-III; 

For 

a- II : 

For 

a-I : 

For 

a-iv : 

For 

a-VI : i 


0 , 1 , 2 , 0 , 2 , 1 , 0 , 1 , 2 , 0 , 2 , 1 , 

CCHCC HCCHCC 

°» 2 , 0 , 1 , 2 , 1 , 0 , 1 , 2 , 0 , 2 , 1 , 2 , 0 , 1 , 

hcchchc chchcch 


0 , 2 , 0 , 

C H C 


0 , 2 , 1 , 2 , 0 , 1 , 0 , 2 , 1 , 0 , 1 , 2 , 0 , 2 , 1 , 0 , 2 , 0 , 1 , 2 , 1 * 

CHCCHCCCHC CHCCCHCCHC 


0 , 2 , 0 , 1 , 

CHOC 


2 , 1 , 0 , 2 , 

H C C H 


0 , 1 , 0 , 2 , 0 , 2 , 2 , 0 , 2 , 1 , 0 , 1 * 

CCHC HCCH C C H ^ 


o’2* o’0, 1,0, 2,1, 2, 0,1, 0,2, 0,1 

CHCH CCHCCHCCH CHC 

aJ 1S st ® nd P° int the various modifications of SiC ap 
pear as regularly repeated mixed sequences of hexagonal 

wortw b ^ close packed ions or tetrahedra. It is note- 

‘ y that » in keeping with the absence of a ZnO-li^e 
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grouping, which would be a purely H H R H H sequence, no 
known modification has adjacent H H components. Consider 
ing this naturally imposed restriction, the forms of 
alpha-SiC that have been observed are among the simplest 
sequences of C and H packings. There are however others 
equally simple, such as ones in which the interleaved C 
sequences are repeated according to the patterns 


or 


3C 

2C 


3C 


2C 


2C 


3C 

2C 


C. 


It will be inte 
will find them. 


sting to see if future studies of SiC 
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NiAs-LIKE ARRANGEMENTS 


(III, dl) . Many compounds RX containing transitional 
and other non-rare gas electronic shell metals have the 
NiAs arrangement. Like the ZnO grouping it is hexagonal 
with a two-molecule unit but its atoms show different, and 
higher, coordinations. In contrast to most of the struc¬ 
tures thus far enumerated its atoms R and X have different 
environments and non-interchangeable positions. Atoms are 

in the same special positions of C e v * (C6mc) that are used 
in graphite but axial ratios and values of u are so dif¬ 
ferent that the resulting atomic groupings are not similar. 

These positions are (Figure III,9): 

R: (a) 000; 00 V 2 

X: (b) V 3 , ^3,u; %, 1 /5,u+ yz 

where R is the metallic and X the metalloid element. No 
departure from u = \ has been recorded but more quantita¬ 
tive studies of several crystals with this structure are 
to be desired. 

With u - 4: each X atom is surrounded by six equidis¬ 
tant R atoms situated at the corners of a right trigonal 
prism. Each R atom on the other hand has eight close 
neighbors, six of which are X atoms while the other two 
are those R atoms immediately above and below it. 


th its very 


In contrast to the ZnO arrangement (c2) wi m -- 

constant axial ratio, c/a for NiAs-like crystals ranges 

between 1.2 and 1.7. Th--- ■ • --+v,pse 

crystals is variable and 
1 _ • 1 ^ - 


a ior in 1iKe crysiai^ 

The composition of many of these 
nd this excess of one or the other 

-- - - - in the observed 

1 - - 


t -~ w ^1U L/ i-i. x o C AUCbb u I U11C ^ —~ 

kind of element leads to large variations in the observe 

cell dimensions. This must be borne in mind when evalu¬ 
ating- thR flat. » r\ -F ToLl ^ TTT -I rr 1. , • , J- -u ~ IT arious 


. inis must be borne in mind w 
ating the data of Table 111,15 which lists the 
compounds known to have this structure. 


The significant interatomic distances in these crys 
" ' ' ‘ R = £co ) as well as 


tals are between metallic atoms 
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between unlike atoms (R—X of column 4, Table 111,15). 
Unlike atoms are usually nearer to one another than the 
sums of the ionic radii, after correction for an 8 , 6 co¬ 
ordination, would suggest; and this indicates that the 
bonding is not ionic. An independent set of "radii” can be 
calculated for the atoms in these crystals. ^Thus in terms 
of the observed contacts the radius of R is 4 c 0 and that 
of X is (R to X) - i c 0 -. Such radii are listed in columns 
5 and 6 of Table 111,15. For the metallic elements they 
resemble but are appreciably larger than the metallic radii 
of Table 11,10. In presumably trivalent combination with 
arsenic and antimony they are somewhat smaller than in 
crystals containing divalent metalloids. The radii of t e 
metalloid elements are close to those found for both the 
elements and the neutral atoms of Table 111,13. e exls 

ing data indicate that they are not constant but increase 
slightly with the atomic number of the associated metal; 
thus sulfur has an apparent radius of 1.06 A. in NiS an 

only 0.97 A in VS. 

Difficult problems arise from the wide variations in 

composition shown by many of these crystals. . ° UC \ 
tions could be due to additional atoms occupying holes in 

the normal structure (excess structures) or 0 j 

in the nonral lattice positions (deficit structures) It 

should be possible to distinguish between e less 

of grouping since the one should be nore, „ -tliis 

dense than the perfect 1:1 compound. PP ^ 

criterion indicates that they are in fact of^^he observe- 

type. Further evidence of this is p smaller than 

tion that FeSi+ x and le^ei + x have un +1 + h 

those of FeS and FeSe (Table Ii:1 , 15).. Apparently^' the ^ 

metallic deficits in these compoun s FeS,*.' 

in other words * is never much more than 0..10 in eS, 

but deficits in n!e ^ ll0 '' 3 ® t 0 ^n | t rUn ,.ith , these metalloid- 

materials as Fe 1#6 Sb and Mni. ^ . + + 1p with 

„ t ~\ ^irrpnqions vary little wi on 

deficient substances cell dimen 

compos ition. 


Ill d 
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A complete understanding of NiAs-like crystals is mad 
still harder by the superlattice that is often associated 
with them. The atomic arrangement in this more complex 
grouping is not known but its cell appears to have a six- 
tirres bigger volume with an oo* axis diagonal to the small 
a Q and a c^ that is twice c Q . Temperature transitions 
take place between the simple NiAs structure and the super 
lattice. For example magnetic FeS, which at room tempera¬ 
ture shows the superlattice, is transformed at 138°C. to 
the NiAs arrangement and this in turn suffers another 
transition involv ing a discont inuous change of spacing but 
not of atomic arrangement at 325°C.; another sulfide with 
the composition FeS 1#O0 passes from the superlattice to 
the simple NiAs grouping at the lower temperature of 74°C. 
These phenomena, and others involving changes not reflect¬ 
ed in atomic positions are considered in detail by Karald- 
sen (1939). 


(Ill,d2). The structure assigned to manganese phos¬ 
phide, MnP, and isomorphous compounds is a distortion of 
the NiAs arrangement. It is orthorhombic with four mole¬ 
cules in a unit prism having the dimensions given in l a 

All atoms are in the following special positions 

(Pbnm): 


111,16. 
of V h 19 


±(uvi; p;-u, v+£,i) 


Hru 

The parameters found for the atoms in MnP are u(kn) 
v(Mn) = G.005,_u(P) = 0.57, v (P) = 0.19, (Figure III* ^ 

The data on PeP and the other compounds are not su 
ly accurate to indicate departures from these values. 

In the positions thus defined each phosphorus^ 0 ^^ 
senic, atom is surrounded by six metal atoms at ^ 
ners of a trigonal prism but this is not regular» 

NiAs. Instead, one base is much larger than the o^ ^ g 
Metal atoms have six metalloid atoms at the come ^ jjjAs) 
distorted octahedron and four (rather than two ®^ e( j ra l 
metal atoms tetrahedrally distributed in the °£ eS p 0 odi n # 


interstices. The R—X and R 


R distances 


Chap. Ill, text page 


HI. COMPOUNDS RX 


to the assigned parameters are listed in Table 111,16. 

Their agreement with the distances predicted by the NiAs 
or neutral radii is probably within the accuracy of para¬ 
meter assignment. 

(ill d3) . The compound ferric boride, FeB, is also 
orthorhombic with a unit cell somewhat resembling that of 
FeP in size and shape. Its four-molecular unit has a 0 
4.053 A., b 0 ~ 5-495 A., c Q = 2.946 A Like FeP it has an 
atomic arrangement based on V h (Pbnm) with all atoms in 
symmetry planes and defined by the coordinates (c) uv 1/4, 
eC given above. The parameters found for iron and as¬ 
signed to boron are however very different frorr those 
given iron and phosphorus in FeP and they result n * very 
different marshalling of the atoms. In FeB, u(*e) h been 
been found to be 0.125 and v(Fe) - C. 180. 

discussion about the positions of the boronatoms but in 
view of their slight scaUerinp powers for x-rays it 
certain that they cannot be located by the existing data. 

A suppested structure (Fijmre HI. 11) ttl ®LpL. rr the par _ 
able Ld is compatible with these data paves them the par 

ameters u(B) = 0.61, v(B) G. 04. 

+ ffp-pq frorr. those of KiAs 

This proposed arrangement dif ; be in olose con- 

and FeP in that its metalloid a to surroun dinp metal 

tact with one another as well as wl p S “P neiphbors 
atoms. Each boron atom would e Xupht of as a component 

1.77 A. away and thus could be ^ ^ throufrh the crys- 

of a zigzag chain extending in neighbors at distances 

tal. It would also separations are in accept- 

of 2.11 A. and 2.17 A. ihes . ~ P al boron radius 

able agreement with the sum o iron radius (1.28 A.) 

(0.88 A.) and the neutral valent ^iron £ave a high co- 

from Table 111,15. The ir WO uld have seven boron 

ordination number masmuc tances as wel i a s an equi- 

neighbors at the foregoing atoms at 2.72 A. 

lateral trigonal right prism of six 

and four more at 2.95 A. 

is maintained 

in the Zns and ^ grouping «^ ture there appea rs 
between unlike atoms, in 


III d 
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" °r™LT T l 

L e « is™, we e n! en both of — ■»* 


At least 
but the data 

exact atomic 


one other crystal, 
are not sufficient 
positions. 


CoB, has this arrangement 
to warrant discussion of 


(ill,d4). The structure of borpn nitride, 

I m W 


bears a 


-P _ I --* ^ ^ i „ c , ► uc , , ucai o a 

, ana ogy to the Ni As arrangement in having its atoms 

R e sar p® s P ec i Q l positions of C e v 4 with boron atoms in 
t e positions and nitrogen in those assigned to X. But 

e parameter u for nitrogen is zero (instead of and 
the unit cell, with 

a o = 2. 51 A., c 0 = 6.69 A 
is of a different shape. 

This arrangement is practically identical with that of 
the ordinary form of graphite (II, i) , the boron and nitro¬ 
gen atoms alternating with one another in each basal plane 
as replacements for carbon. 
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THE PbO ARRANGEMENT 


(III,el). The structure of‘red PbO formally resembles IHIe 
that of PH*I (Ill,b3); both have bimolecular tetragonal 
units and are developed from the space group ^4h (P4/nmm) . 

Their axial ratios are however so different that the atomic 

arrangements are not similar. 

Lead atoms are in (c) ofu; sOu, with u= 0.2385. Their 
great scattering power makes it hard to be certain of the 
oxygen positions but the best available evidence indicates 

, . / \ r\. 1 -j- r\ T-P + Vi i o -io T*— 

that they probably are m (a) OOO, p• 

rect the significant atomic separations 
with four lead atoms about each oxygen, 


are Pb - 0 ~ 2. 33 A, 
and Pb - Pb = 3. 70 


V? JL v 11 -L w L -I- U.U — — — — - ~ - - -n -i 

- 3.98 A. with each lead atom having 12 lead as well as 
four oxygen neighbors. 

This structure .(Figure 111,12) can be looked on as a 

layer lattice with Pb - 0 layers normal to the c-axis, the 

layers making contact only through the lead atoms. The 

Pb - Pb separation (3.70 A.) is still larger than the 

Pb - Pb = 3.48 A. in metallic lead; it so grea y ex 

the expected approach of two divalent lea * ‘ 

that the crystal can scarcely be ionic. T e radius 

Pb - 0 = 2.33 A. is close to the sum of the neutral 

of oxygen (0.63 A.) and the metallic radius of lead 

(l. 74 A. ) . 

. D aictnrted cubic close packing 
The lead atoms are in a distortea cu 

that would be perfect if u were 4 an • 1 y be de- 

(instead of 1.25). This structure can a ^°rdingly b 

. , , tniiplpfidarrav sv/elled and distoitea oy xne 

scribed as a met allic xecici ei i j. y 
introduction of oxygen in sheets. 

o - , the only other metallic oxide 

Stannous oxide. SnO, is me 

known to have this arrangement. 


The 
that of 
tween 0 


_ lithium hydroxide , Li OH, is 

llr'lZ 0 H V Ions hale beln put in (c) with 
18 knd o! 2 “. This results in an acceptable 


like 
u be- 
Li—OH 
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separation (1.97 A.) but the OH 
in adjacent layers (3.55 A.) so 
norrral ionic radius of OH* that 
this arrangement together. 


OH distance between ions 
greatly exceeds twice the 
it is not clear what holds 


Mercuric oxide, HgO, has a structure that may be a dis 
tort ion of the PbO grouping. Its orthorhombic unit (Table 
111,17) is pseudo-tetragonal and is supposed to have mer¬ 
cury atoms in a distorted cubic close packing. 
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"SQUARE" STRUCTURES 


(lll,fl). The mineral cooperite, PtS, has been given 
a structure resembling that of red PbO. Platinum atoms 
are put at OpG); -gO-g and sulfur at 00^; OOi, in the bimole- 
cular tetragonal cell of Table III,9. An alternative way 
of expressing these atomic positions brings out the forma 
analogy between PtS and PbO. This places the metal atoms 
in the same positions (c) O&u; ~hOu as the lead atoms in 
PbO with u = The sulfur positions, at 000 and OC^, 

different from those of the oxygen atoms in PbO. 

In cooperite each metal atom has about it four metal¬ 
loid atoms at the comers of a square and each sulfur i 
surrounded by a tetrahedron of metal atoms figure . V? ‘ 
This structure too can be considered as a distorted cub 

close packing of metal atoms but in this case the metalloi 

ciose pac _ different from those occupied in 

atoms are in interstices 

PbO. 


Q 


Tetragonal crystals of pal lad.« 

ture which places eight molecules in a unit of the 
approximate height and twice the length of base 

(Table III,IV). 


have 
st rue 
same 
PtS 


structure of tenorite, CuO, is differen 

but does have a square distribution of 
du i ^ + a + orr Four molecules 

oxypen atoms about its centra havinp the dimensions o 

are contained in a monodin^ unit « f ^ based on 

Table 111,17. The proposed atomic _ 

atoms in the following positions. 


The monoclinic 
from the forepoinp 
oxypen atoms about 


2 h 


(C2/c) ha 


s 


Cu: (c) 


i lr . 

4-4-^ » 


3 11. 


0 : 


(e) 0 , u t 4 .; G , u, ^ 


3 3 r . 


“ 3 . 


n 

j 


1 i ___ 

V y U + V , 4 , 


r,p-u, 


with u = 0.584. Here each C ° PP ®^ y^aTach oxygen atom 

b^a^dis tort ed^ tet rahedron^of * copper atoms. 
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THE MERCUROUS HALIDE ARRANGEMENT 

(lll,gl). The mercurous halides, Bg 2 X 2 , were earlv 

separations ^The^h^ T ^. SUlt in sornew hat improbable atomic 
rangement^ali°ato 2 ^ 2 TOl ? CUlOB - the prosed atomic ar- 

of iW 7 (I4/Lnn) T 8 are in ^ followin ^ special positions 


(e) 


6, 7 and 8. 


± (OOu; u+£) 

columns 4 and 5 of Table 111,19. 
ces that result are those of columns 


vapor 1 a e t C 450 °r dlff r aCtlOn studies of mercurous chloride 
_ ri = p t /J n * ca ^ e "that under these circumstances 
cnm - . ' * but 'this separation can not be directly 

molecule ^ the vapor 

Ba o^hav! been said that the alkali peroxides Li 2 0 2 and 
though S r ^ c t ures similar to the mercurous halides 

have Wn 6 eV ^ dence for this is not yet convincing. They 
III 17) ® sai ^ ned larger, eight molecular, units (Table 

the'mercury ° f ° »™sun ab ly twice the •. of 
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MISCELLANEOUS SULFIDE STRUCTURES 


(III,hi). MilLerite, the naturally occurring NiS, is 
rhombohedral with a flattened unit containing three mole¬ 
cules and having the dimensions: 


a D = 5. 655 A. , 


a = 116° 36’ 


Its atoms are in symmetry planes in special positions 

(b) uuv; uvu; vuu 

of C 3V 6 (R3m). Three sets of atomic parameters have been 
proposed (Table 111,18). Of these the results of Kolk- 
meijer seem best but a further study with modern methods 

of intensity measurement is to be desired. 

When made artificially the millerite form of NiS is 
unstable, going over in a few hours to the stable NiAs- 
like form. The corresponding millerite-1ike NiSe w s 
short-lived that its pattern could be recorded only y 
electron diffraction. 

(Ill,h£). Cupric sulfide, CuS, as the mineral covet- 
lite, is hexagonal with the elongated si* molecule cell. 


= 3. 80 A. , 


Co 


= 16.43 A. 


The most probable of the three suggested structures is 

based on D„(C6/mmc) and has atoms in the following P 
cial positions: 


Cu (1) : (d) 

Cu(2) : (.1) 

S(l): (c) 

S(2) : (e) 


(^3, 1 /Z, VO 

(Vs, 2 /s. u; Vs, Vs, V2-u) 
( V3, Vs, V*) 

(OOv; 0 , 0 , V 2 - v) 


with u = 0.107, v = 0.06. This arrangementJFipure^I.II, 

14) consists of two half-cells a packed layers 

and joined by pairs of S-S atoms suggestive of the sulfur 


WYCKOFF: CRYSTAL STRUCTURES 


III h 


pairs in pyrite (lV,g 2 ). The various sulfur and copper 

ments that -are in some ways unexpected. Atom Cu (l) is 
surrounded by three sulfur atoms at a distance of 2 19 A 

“omit 31* A '\ at ° m b o/? Ur tetrahedral ly arranged sulfur 

bors at * di stances^f 2 19 V™ d^lsT* ??P per 
n + nrr y>o„ ^ t * 311 d 2 • 35 A * while each S(2) 

Qtoir has one sulfur atom ^-+- p or a j 

at 2 31 A X ° m A * nnd three copper atoms 


’I' ulfides of the fourth column metals ger- 
. ln are °nthorhombic with unit cells similar 

+ ^ ai ?. S a ^ e ^ Ta ble HI,17). Each has four molecules 

Y ia atoms in the same coordinate positions of 


h 


(Pbnm) 


(c) ± (uv A ; h- 


u 




that have been applied to MnP and FeB. 
similar cells very different parameters 

to the atoms in GeS (Figure 111,15) 

16) : 


and 


In spite of 
have been 

(Figure 



For 


GeS 


For SnS 


u(Ge) 
u(S) = 

u (Sn) 
u(S) = 


C. 167, v(Ge) 
C. Ill, v (S) 

0. 115, 

0. 478, 



0.375; 
0. 139 

0.118; 
0. 150. 


In spite of their dissimilarity each structure can t 

considered as a badly deformed NaCl arrangement with sul- 
ur atoms in a distorted octahedral distribution about t 
me a atoms. In GeS. +>io — g separations range between 

S distances 


be 


2.47 A. 


In GeS, the 

, . and 3 *00 A.; in SnS, the nearest Sn 

lie between 2.62 A. and 3.40 A. 
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MISCELLANEOUS THALLIUM COMPOUNDS 


(HI, il) • 

orthorhombic 
an elongated 


ThaiLous iodide, Til, is dimorphous. The 
form stable at temperatures below 175°C. has 
four molecule cell with the dimensions: 


a Q = 4.57 A., b Q = 12.92 A., 


o 


= 5. 24 A. 


Its atoms have been given positions 

(c) Gui; Guf; s, u+ts, i; p,p- u,f 


1 7 


The 


of V h *' (Cmcm) with u (Tl) = 0.392 and u(l) - 0.1^3. 
resulting structure (Fipure 111,17) v/ith its seven fold 
coordination presents a number of unusual features. 

(HI,i2). Thallium selenide, TISe, is another thal¬ 
lium salt with a complicated atomic arrangement. there 
are eipht molecules in a tetragonal unit of the dimension 

a Q = 8. C2 A. , c 0 = 7. 00 A. 

In the structure described for this crystal based on the 
HorW + Rn«ee mrouD Da h (14/ mem) , thallium a o 


are of two sorts in positions 

fixed 


Tl (1) : 

(a) ± 

(C0£) 


Tl (2) : 

(b) ± 

(0 ii) 

Selen i urr 

positions are 

pi ven 

by the 

dinates 





Se: (h) ± 

c 

c 

0 ; u+i 

with u = 

C. 179 (Figure 

111 , 18 ). In 

• 


B. C. 
B. C. 


B. C. 


shows an eipht fold cocrdina ith T1 _ Se = 2.68 A. 

and Tl (l) a four fold coordination with 

It is suggested that the bonding in one case is ionic, 
the other covalent. 
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MISCELLANEOUS CYANIDES 

nr i A ! is . we11 known the halogens form a series 

compounds with one another. Cyanogen iodide, CNI 

be c °* sid jred as one of these but it is considerably 
' e s able than most and therefore especially well suited 
r x ray examination. Its crystals are rhombohedral with 
unimolecular cell having the dimensions: 


a 


o 


- 4.44 A., a = 1C1° 24’ 


SP ? Ce p:rOUp ls C »v' (K3i»). If both C and K 
ave positions determined by symmetry, all atoms are on 

ngonal axes with the coordinates uuu. The N and C atoms 

are so lipht compared with I that their positions can not 

e esta ished from the intensity data but it has been 

shorn that a molecular structure with u(C) = 0.34 and 

0.54, u (i) being; taken as zero, is compatible with 

e ata and gives the acceptable interatomic distances: 
C— I = 2.03 A., C—N = i.ie A . 


(HI, .12). Crystals of Lithium cyanide, Li CL, are like 
those of the low temperature forms of NaCIv and KCN in be¬ 
ing orthorhombic but their structure -is different and not 
related to others thus far studied. Its space group is 
h (Pbnrr) with all atoms in the special positions 

(c) ± (uvi; i-u, v+£, 

already used in describing the atomic positions in several 
o er crystals RX. The unit cell, containing four mole¬ 
cules and having axes arranged in the sequence of these co¬ 
ordinates has the dimensions: 


a 


- 6.. 52 A., b 0 = 8.73 A., Co = 3.73 A 


Because of the low scattering power of all the atoms in¬ 
volved, it was possible to place them with especial ac ^ u ' 
, to distinguish between the carbon and nitrogen a o 

CN i on and even to determine that it is the nitro¬ 
gen atom of this group which accepts the extra lithium 
electron. ^ 
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The 

v = 
v = 


chosen atomic parameters are: for Li, u - 0.471, 
0.374; for C, u = 0.261, v = 0.190; for N, u = 0.142, 
0.094, all accurate to 0.002-0.003. 


Ill 


This structure is very open with large empty spaces 
and channels between atoms, (Figure 111,19). Presumably 
on account of its small size, lithium has only four CL 
neighbors, three of which are N, the fourth C, at the ccr 
ners of a distorted tetrahedron. The C—K separation, 
1.15 A., is considerably greater than the 1.05 A. deter¬ 
mined for NaCLL 


Ch ap . 
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TABLE 111,1. CRYSTALS OF THE COMPOSITION RX 


Crystal Type Table Paragraph 


Literature 


AgBr 

NaCl 

II I, 2 

I 11, al 

I; 1936, W&B 

AgCN 


17 


I;II;1933, 
1939,S 

AgCd 

Cs Cl 

8 

b 1 

I 

A g Cl 

NaCl 

2 

al 

I;1940,W 

AgF 

NaCl 

2 

a 1 

I 

Agl 

ZnS 

10 

cl 

I; II; 19 40, 

Agl 

ZnO 

1 1 

c 2 

I; II; 1935, 

Agl 

— 

1 7 

— 

II; 1934, S 

Agl 

NaCl 

2 

al 

1938,J 

AgMg 

CsCl 

8 

b 1 

I 

AgZn 

Cs Cl 

8 

b 1 

I 

AgLa 

CsCl 

8 

b 1 

19 43, B&K 

AgCe 

CsCl 

8 

b 1 

1943,B&K 

Al As 

ZnS 

10 

c l 

I 

AIN 

ZnO 

1 1 

c2 

I; 1935, S&S 

Al Nd 

CsCl 

8 

b 1 

I I 

Al N1 

CsCl 

8 

bl 

I; 1937, BSrT 

A1P 

ZnS 

10 

cl 

I 

Al Sb 

ZnS 

10 

c 1 

I 

AsS 

— 

17 

— 

1935, B 

AuCd 

CsCl 

8 

bl 

I I 

AuMg 

CsCl 

8 

bl 

1936, B&H 

AuSn 

N1 As 

15 

d 1 

I I 

Au Zn 

CsCl 

8 

bl 

I 

BN 


17 

d 4 

I; 1937, B; 1 


BaNH 

BaO 

BaS 

BaSe 

BaTe 

BeCo 

BeCu 

BeO 


NaCl 

NaCl 

NaCl 

NaCl 
NaCl 
Cs Cl 
Cs Cl 
ZnO 


2 

2 

8 

8 

11 


a 1 
al 
a 1 

al 
al 
b 1 
b 1 
c2 


1940, W 


1940,B&Z 


I I 

I; I I ; 1942, H&W 

I 


1936, M 

1928, 70; 1935, M 
I, 19 41, N 


Chap. III. table page 


1 



WYCKOFF: CRYSTAL STRUCTURES 


TABLE III,1(2) 


Crystal 

BeS 
B e Se 
Be Te 
BeP d 

( CN) I 
CO(low) 

CO (high) 

CaNH 

Cao 

CaS 
C a S e 
CaTe 
CaTl 
CbC 

CbN 
CbN 
CbO 
CdCe 
CdL a 

CdO 

CdP r 
CdS 
CdS 
CdSe 

CdTe 
Ce As 
CeBl 
CeN 
Cep 

Ce Sb 

Co As 
CoB 
CoO 
CoP 


Type 

Table 

P aragrap 

ZnS 

10 

HI, cl 

ZnS 

10 

cl 

ZnS 

10 

cl 

Cs Cl 

8 

bl 

— 

17 

J l 


17 

— 

— 

17 



L1te ra ture 


Naci 

NaCl 

Na Cl 
NaCl 
NaCl 
Cs Cl 
NaCl 

NaCl 
ZnO 
NaCl 
Cs Cl 
Cs Cl 

NaCl 
Cs Cl 
ZnO 
ZnS 
ZnO 

ZnS 

Naci 

Naci 

Naci 

NaCl 

NaCl 

Mnp 

FeB 

NaCl 

Mnp 


2 

2 

2 

8 

5 

5 

11 

2 

8 

8 

2 

8 

11 

10 

11 

10 

4 

4 

4 

4 

4 

16 

17 

2 

1 6 


al 

al 

al 

al 

al 

bl 

al 

al 
c2 
a l 
bl 
b 1 

al 

bl 

c2 
c 1 
c2 

cl 

al 

al 

al 

al 

al 

d2 

d3 

al 

d2 


I 

I 

I 

1936, M 

1939,K&Z 
I 

II; 1934, V 
I I 

IJ1942,H&W 

I 

I 

I 

II 

I; 1940, U 


1940,U 

1940, K; 19 41, B 
1937, I&B 
1937,I&B 

I; II; 19 33, M&L; 1938, F&M 
1937, I &B 

I; 1940, K; 1943, P&S 
I; 1933, M&L 
I 


1937,I &B 
1937,I&B 
1937,I&B 
1936, I&B 

1937,I&B 
1934, F 
I 
I 

1934, F; 1939, B&H 


III. COMPOUNDS RX 


TABLE III,1 (3) 


Crystal Type Table Paragraph 


Literature 


Co S 
Co Sb 
CoSe 
CoTe 
CrAs 

CrN 

CrP 

CrS 

CrSb 

CrSe 

CrTe 
CsBr 
CsCN 
Cs Cl 
Cs Cl 

Cs F 
Cs I 
Cs SH 
CsSeH 
CuBr 
CuCl 

Cu F 
CuH 
Cul 
CuO 


CuPd 

CuS 

CuSn 

CuZn 

EuS 

EuSe 

EuTe 
Fe As 
FeB 


NIAs 

NIAS 

NIAs 
N1 As 
MnP 

NaCl 
MnP 
NIAs 
N1 As 
NIAs 

NIAs 
C s Cl 
Cs Cl 
Cs Cl 
NaCl 

NaCl 
Cs Cl 
Cs Cl 
Cs Cl 
ZnS 
ZnS 

ZnS 

ZnO 

ZnS 


Cs Cl 


NIAs 
Cs Cl 
NaCl 
NaCl 

NaCl 

MnP 

FeB 


I 11 ,15 
15 
15 

15 

16 

5 

1 6 
15 
15 
15 

15 


10 

10 

10 

11 

10 

17 


17 

15 

8 


I I I , dl 
d 1 
dl 
dl 

d2 

al 

d2 

dl 

dl 

dl 

dl 
b 1 
bl 
b 1 
al 

a 1 
bl 
bl 
bl 
c 1 
cl 

cl 
c2 
c 1 
f 1 


I; 11; 1938, L &W 
I; 193 8, F&H 
I 


2 

1 6 
17 


bl 

h2 

dl 
bl 
a l 
al 

al 

d2 

d3 


1938, N&A 


1938, N&H 
I; 1937, H 
I 

I; 19 38, H &M 


I I 

I; II; 1936, W&L 
I I; 1936, W&L 


II; 19 34, W; 19 39 , T&K 
1939, T&K 
I;1942,V&S 
I ; 1942, V&S 

I I 
I 

I; 1942, V&S 

I; II; 1935, T, P&K; 1938, 
G&F 


i; 11 

i 

i 

1938, N; 1939, K&S 

1939, K&S 

1939,K&S 
I; 1934, F 

I 


Chap . 


Ill f t able page 3 



WYCKOFF: CRYSTAL STRUCTURES 



III. COMPOUNDS RX 


TABLE III,1 (5) 


Crystal Type Table Paragraph 


Literature 


KBr 


NaCl 


KCN Na Cl 

K CN(low) — 

K Cl NaCl 

KF NaCl 


KI 

KOH 

KSH 

KSH 

KSeH 

K Se H 

LaAs 

LaBl 

LaN 

Lap 

L aSb 
LI Ag 
LlBr 
LI CN 
LI Cl 

LID 
LI F 


L1H 
L 1 H g 
LI I 
L1T1 
L 1 2 0 2 

LlOH 

MgHg 

MgO 

MgPr 

MgS 

M gSe 
MgTe 


NaCl 

NaCl 

NaCl 


NaCl 


NaCl 

NaCl 

NaCl 

NaCl 

NaCl 
Cs Cl 
NaCl 


NaCl 

NaCl 

NaCl 


NaCl 
Cs Cl 
NaCl 
Cs Cl 


PbO 
C s Cl 
NaCl 
CsCl 
NaCl 

NaCl 

ZnO 


I I I, 2 
2 
17 
2 
2 


17 


17 


III, al 
al 
a4 
a 1 
a 1 

al 

a 1 
al 
a2 
al 

a2 

a 1 
al 
al 
a 1 

a 1 
b 1 
a 1 

al 

al 

al 


2 

11 


a 1 
bl 
al 
bl 
gl 

el 

bl 

al 

bl 

al 

al 

c2 


i; II 

1940, B&L 
I 


19 39, T &K 
II; 19 39, T&K 
II; 1934, W; 1939, T &K 
1939,T&K 

1939,T&K 
19 37, I &B 
1937,I&B 
19 37, I &B 
19 3 6* I &B 

1937,I&B 

I I 
I 

1942, L&B 
I; 1938,J, S&K 

1935, Z&H 

I; 1937, H; 1938, S; 

19 40, H&J 

I; I I; 1935, Z&H 

I I 
I 

I I 

1938, A&G; F 
I I 

1930,B&H 

I; 1935, B, B&G; 1935, C&P 
I I 


Chap . 
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TABLE 111,1 (6) 


Crystal Type Table Paragraph 


LIteratu 


MgTl 

MnAs 

MnAs 

MnB 

MnBi 

Mno 

Mnp 

MnS 

MnS 

MnS 

MnSb 

MnSe 

MnSe 

MnSe 

MnTe 

MoC 

ND 4 Br 
NH 4 Br 
NH 4 Br 
NH 4 . Br 

NH 4 . CN 

NH*C 1 

NH*Cl 

NH 4 . F 

nh*i 

NH4.1 
NH4.1 

NH 4 SH 

NS 

NaBr 

NaCN 

NaCN 
(1 ow) 
NaCl 


Cs Cl 
MnP 
N1 As 


N1 As 
NaCl 

MnP 
NaCl 
ZnO 
ZnS 
N1 As 

NaCl 

ZnO 

ZnS 
Ni As 


CsCl 

NaCl 

CsCl 

PH, T 


NaCl 

NaCl 


Naci 


III # 8 

III, bl 

11 

16 

d 2 

1934,F 

15 

dl 

I 

17 

— 

1936, H&F 

15 

dl 

1939, H&G 

2 

al 

I; II; 1933,L&W; 1936, 

16 

d 2 

1934, F; 1937, A&N 

2 

al 

I; I I; 1940, K 

11 

c 2 

II;1940,K 

10 

cl 

I I; 1940K 

15 

d 1 

I 

2 

al 

I;1938,B 

11 

c 2 

1938,B 

10 

c 1 

1938,B 

15 

dl 

I 

17 

— 

11 

7 

bl 

1938, S, T&K; 1942,S&T 

2 

al 

I 

7 

bl 

I; 1936, W&S; 1942, S&T 

9 

b3 

11 ; 1934, K; 1936, W&S; 
1942,S&T 


b 2 

19 44, L&B 

2 

tmm 

al 

I 

7 

bl 

I; 1933, L&U; 1942, D 

11 

C2 

I 

2 

al 

I 

7 

bl 

I; 1942, S&T 

9 

9 

b3 

1934, K 

b3 

II; 1934, W 

17 

p 

— 

1936, B; 1943, H&V; 1944, 

0 

al 

I; 1938,J, S&K 

c 

al 

11 

17 

a4 

1938,V&B 

c 

al 

I; II; 1936, S&J; 1937,M; 


1939, B, O, H&P; 1941, B 


HI. 


tabl 


page 


Ill 


COMPOUNDS RX 



TABLE II1,1 (7) 


Crystal Type Table Paragraph 


LIterature 


NaF 

Nal 

N a 2 0 2 

NaSH 

NaSH 

NaSeH 

NaSeH 

NdAs 

NdN 

NdP 

NdSb 

N1 As 
N10 
N1 S 
N1S 
N1 Sb 

N1 Se 
NiSe 
NISn 
NITe 


NaCl 

NaCl 


NaCl 


NaCl 


NaCl 

NaCl 

NaCl 

NaCl 

Ni As 
NaCl 


Nl As 
Nl As 


Nl As 
Nl As 
Nl As 


ph 4 i ph 4 i 

PbO(red)PbO 


PbO 
PbS 
PbSe 
PbTe 
P dO 

PdS a 
PdSb 
P dTe 
P rAs 
PrBl 

PrN 

PrP 

PrSb 


NaCl 

NaCl 

NaCl 


Nl As 
Nl As 
NaCl 
NaCl 
NaCl 
NaCl 
NaCl 


I I I , 2 
2 

17 

2 


15 

2 

17 

15 

15 

17 

15 

15 

15 


17 

2 


17 

15 

15 

4 

4 

4 

4 

4 


III, al 
a 1 
gl 

al 

a2 

al 

a2 

al 

al 

al 

al 

dl 

al 

hi 

dl 

dl 

hi 

dl 

dl 

dl 

b 3 
11 


al 
al 
al 
f 1 

fl 

dl 

dl 

al 

al 

al 

al 

al 


1938, F 

II; 1939, T&K 

II; 19 34, W; 19 39, T&K 

19 39, T&K 

1939, T&K 
1937,I&B 
1937,I&B 
1937,I&B 
1937,I&B 

i; II 

I; I I; 19 34, p; 19 3 6, S; 19 43, R 

I; 1935, L&B 
I; II; 1935,L&B 

I 

1935, L&B 
I;1935,L&B 

I 

I; 1943, K&F 
I 

I; II; 1936, R&B; 1938, B&P; 

1941, M&T; M&P 

I; II; 1936, R&B; 1938, B&P 

I;1936,Z 

I 

I 

I; 1939, F&K; 1941,M&P 

1937, 0 

I 

I 

1937, I&B 
1937, I&B 
1937,I&B 
1936,I&B 
1937, I&B 
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Crystal Type Table 


Pto 

— 

Pts 

— 

PtSb 

N 1 As 

P tSn 

N1 As 

RbBr 

NaCl 

Rb CN 

NaCl 

RbCl 

NaCl 

RbCl 

Cs Cl 

Rb F 

NaCl 

Rbl 

NaCl 

Rbl 

Cs Cl 

Rb Sh 

NaCl 

Rb SH 


RbSeH 

NaCl 

RbSeH 

_ 

ScN 

NaCl 

SiC(y 8 ) 

ZnS 

S1C(I) 


SlC(H) 

— 

sicdii: 

| — 

SIC(IV) 

- 

Sic (V) 


Sic (VI) 

— 

Slo 


Sn As 

NaCl 

Sno 

PbO 

Sns b 


Sn 8 b 

NaCl 

SnTe 

NaCl 

SrNH 

NaCl 

Sro 

NaCl 

SrS 

NaCl 

SrSe 

NaCl 

SrTe 

NaCl 

SrTl 

CsCl 


111,9 

9 

16 

15 

2 

2 

2 

7 

2 

2 

7 

2 


6 

2 

6 

5 

10 , 14 

14 

14 

14 

14 

14 

14 

17 

2 

9 

17 

2 

2 

2 


2 

2 

2 

2 

8 


TABLE 111,1 (8) 

Paragraph Literature 


HI, fl 

1941, M&P 

fl 

II 

dl 

I 

dl 

i; ii 

al 

i 

al 

11 

al 

i 

bl 

1936, W&L 

al 

I 

a 1 

I 

bl 

1938,J 

al 

II;1939,T&K 

a 2 

II; 19 34, W; 19 39, T&K 

al 

1939,T&K 

a 2 

1939,T&K 

al 

I 

1 , c 3 

I; 1944, T 

C 3 

I;1944T 

C3 

I;II;1944,t 

C 3 

I; 1944, T 

c3 

I; 1944, T; 1944, R 

C3 

II 1944, T 

c3 

1944, T; 1945, R 

— 

1940,I 

al 

I;II;1935,H&H 

e 1 

I; II; 1933, S&S; 1941,M&P 

h3 

1936, H 

al 

I; 1935, H&H 

al 

I 

al 

11 

al 

i; ii 

ai 

i 

al 

i 

al 

i 

bl 

11 



III. COMPOUNDS RX 


TABLE III,1 (9) 


Crystal Type Table Paragraph 


LIte rature 


TaC 

TaN 

ThP 

ThS 

TIC 


TIN 


TIO 

TIBI 

TIBr 

T1CN 

T1C1 

T1 F 
Til 
Til 
T1 Sb 
T1 Se 

UP 

VC 

VN 

VO 

VS 

VSe 

WC 

Yb Se 
Yb Te 
Zn Ce 
ZnLa 

ZnO 
ZnP r 
ZnS 
ZnS 


NaCl 

ZnO 

NaCl 

NaCl 

NaCl 


NaCl 


NaCl 
Cs Cl 
Cs Cl 
Cs Cl 
CsCl 


C s Cl 


CsCl 


NaCl 
NaCl 
NaCl 
NaCl 
NIAs 
N1 As 


NaCl 

NaCl 

CsCl 

CsCl 

ZnO 

CsCl 

ZnO 

ZnS 


I II, 5 
11 


17 


17 

8 

17 


15 

15 

17 

2 

2 


11 

8 

11 

10 


I I I, al 
c2 
a 1 
al 
al 


a 1 


al 
bl 
b 1 
bl 
bl 

a3 
b 1 
11 
bl 
12 

al 
a 1 
a 1 
al 
dl 
dl 


al 

al 

bl 

bl 

c 2 
bl 
c2 

Cl 


I; II; 1936, M 
I 

1939,M 
1941, S&Z 
I; ii; 1936, H&S; 
19 41, U &K 


1940,D&R 


I; 1936, H&S; 1939, B; 1940 
D&R 


I; 1936, W&L 
I I 

l; II; 1936, W&L; 1937, M 

1935, K 
I 

1936, H 
I 

1939, h; m&p 

1941, Z 
1: 1940, D&R 
I; 1940, D&R; E&B 
II;1942,K&G 
1939, b&k; H&K 
1939,H&K 

i; ii 

1939,S&K 
1939,S&K 
1937,I&B 
1937,I&B 

I; Ii; 1934, F&W; 1935, B 
1937,I&B 
I;1940,K 

I; 1933, L, P &Y; 1934, B; 
1936, A&B; M&K; 1939, T&M; 

C&m; k; 1942, w 
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ZnSe 

ZnTe 

ZrC 

ZrN 


TABLE III,1 (10) 


Crystal Type Table Paragraph 


ZnS 

ZnS 

NaCl 

NaCl 


111,10 

10 


III,cl 
cl 
al 
al 


I 

I 

i; ii 

i 


Literature 


. The miners 1 braggite 
structure, 1 9 3 7 , B ?&. ’ 

*u The min eral teallltp 

the same structure. * ’ 


CPt, Pd, Ni)S, 


the same 


is supposed to have 


Ch 


®P. 
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III. COMPOUNDS RX 


CRYSTALS WITH THE NaCl ARRANGEMENT 



RbF 

RbCN 

Rb Cl 

RbSH 

RbBr 

RbSeH 

Rb.I 


Exp e rlmental 
R— X 


Ionic Radial Sum 

R—X 


L1H 

4. 085 A* 

2.04 A. 

2. 68 A 

LID 

4. 065 

2.03 

— 

LI F 

4.0173 

2.01 

1.96 

LI Cl 

5. 12964 

2.57 

2. 41 

LlBr 

5.490 

2.75 

2.66 

L1I 

6. 000 

3. 00 

2.76 

NaF 

4. 620 

2. 31 

2. 31 

NaCN 

5.83 

2.9 1 

2.89 

NaCl 

6.62869 

2. 8 1 

2. 76 

NaSH 

6.06(1 60 0 C. ) 

3.03 

2. 95 

NaBr 

5.9 6095 

2. 98 

2.90 

NaSeH 

6.30(150° C. ) 

3. 15 

3. 07 

Nal 

6. 462 

3. 23 

3.11 

KF 

6. 34 

2.67 

2. 69 

KOH 

5. 78 ( 130° C. ) 

2. 89 


KCN 

6.51 

3.26 

3. 27 

KC1 

6.27 8 

3. 14 

3*14 

KSH 

6.60( 170° C. ) 

3. 30 

3. 33 

KBr 

6.58 6 

3.29 

3.28 

KSeH 

6. 92( 180° C. ) 

3.46 

3. 46 

KI 

7.052 

3.52 

3. 49 


5. 64 
6.82 

6 . 

6 . 

6 . 

7. 

7. 


93 ( 200° C. ) 
854 

21 ( 180° C.) 


2 . 

3. 

3. 

3. 

3. 

3. 

3. 


82 

41 

27 

46 

43 

60 

66 


2 . 

3. 

3. 

3. 

3. 

3. 

3. 


84 

42 
29 

48 

43 

60 

64 
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TABLE III,2 (2) 


( 1 ) 

Crystal 


( 2 ) 


CsF 
Cs Cl 

nh 4 ci 

NH 4 B r 
NH 4 I 

AgF 

AgCl 

AgBr 

MgO 

MgS 

MgSe 

CaO 

CaS 

Case 

CaTe 

CaNH 

Sro 

SrNH 

SrS 

SrSe 

SrTe 

BaO 

BaNH 

BaS 

BaSe 

BaTe 

TlO 

VO 


6 . 008 

7.02(450° C. ) 

6 .53 (250° C. ) 
6.90 ( 2 50° C. ) 
7. 244 


4.92 

5.547 

5.768 


(3) 

Exp erlmentai 

R—X 


(4) 

Ionic Radial Sum 

R—X 


3.00 A 
3.51 

3.26 
3.45 
3. 62 


2 

2 

2 


46 

77 

88 


3.05 A. 


3. 28 
3. 43 
3. 64 

2. 62 (2.31) 

3. 07(2. 76) 
3. 21 ( 2. 90) 


5. 190 

2 . 10 

2. 05 

5.451 

2.59 

2. 49 

2. 72 

2. 63 

4.797 

5. 68 

40 

2 , • 39 

5.9 1 

2.84 

2. 83 

6 . 345 

2.95 

2.97 

5.00 6 

3. 17 

3. 20 

2.50 

2.53 

5. 144 

2.57 

% 

5. 45 

2. 53 

5.87 

2. 72 

2.71 

6.23 

2.9 3 

2.97 

6 . 47 

3.11 

3.11 


3. 24 

3.34 

5. 523 

5.84 

2. 76 

2. 75 

6 . 35 

2. 92 

2. 93 

6 . 62 

3. 17 

3. 19 

6 . 986 

3. 31 

3. 33 


3. 49 

3.56 

4. 235 


2 . 12 


4. 10 


2.05 

_ 


Ch 


a P. 
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III. COMPOUNDS RX 


(1) 

(2) 

TABLE 111,2 (3) 

(3) 


(4) 

Crystal 

a,Q 

Exp erlmental 

Ionic Radial Sum 

MnO 

4.4345 

2.22 A. 


2.20 A. 

MnS 

5. 212 

2. 61 


2. 64 

MnSe 

5.448 

2.72 


2. 78 

FeO b 

4.332 

2.16 


2. 15 

CoO 

4.24 

2. 12 


2.12 

N1 0 c 

4. 1 68 4 

• 

o 

OD 


2. 10 

CbO 

CdO 

4. 689 

2.34 


2. 37 

EuS 

5.957 

2.98 


2.9 1 

EuSe 

6. 173 

3.08 


3.05 

EuTe 

6.572 

3.28 


3. 28 

SnTe 

6.285 

3.14 


3. 14 

Sn As 

5. 68 1 

2.84 



SnSb d 

6. 130 

3.0 6 



PbS 

5.9233 

2.9 6 


2.80 

PbSe 

6.14 

3.07 


2 • 9 4 

PbTe 

6.34 

3. 17 


3. 17 

YbSe 

5. 867 

2.93 


2.94 

f—m M y i». 

YbTe 

6.340 

3. 17 


3. 17 

ThP 

5.8 18 

2. 9 1 


“ 

UP 

5.589 

2. 79 



a The radial sums 

in parentheses are those 

—. A 

that wo u1d 

app1y if 

Ag + were 

given the value 0.95 

A. 



° a Q = for FeO is a function ® in the tlble i 

its temperature of quenching. iron. For most prep- 

5Jr t iS°i a ^ d ,U» 5 £.?^A% p l8 re X nt aAd o 3:30 a. 

' I* ».. recently found (.943 , R) .h. .^In _ 
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fl uni-molecul 
<* = 60° 4. 2 # . 

FeO or CoO. 


r rhombohedron with a 0 = 
No corresponding doublin 


2. 9459 A. and 
g was found for 


According to 

edral with a 0 
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6. 214 A. t CL = 


is no t cubic 
89 .40 (at 52. 


bu t 
4 at 


rhombo 
% Sb) 


TABLE III 3. IONIC RADII, OBSERVED AND COMPUTED (IN PARENTHESES) 
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III. 


COMPOUNDS RX 


TABLE III,4. 

THE STRUCTURES OF RARE EARTH 

COMPOUNDS 



WITH THE 

NaCl ARRANGEMENT 



Experimental 

Ionic Radius X 

Calculated 

Crystal 

a Q 

R—X 

(La 3+ = 1.15 A.) 

R—X(non-lonl 

LaN 

5.275 

A. 2. 63 A. 

1.48 A. 

2.56 A. 

LaP 

6.013 

3.01 

1.86 

2.96 

LaAs 

6. 125 

3.06 

1.91 

3.04 

LaSb 

6.475 

3.24 

00 

O 

C\2 

3. 26 

LaBl 

6.565 

3.28 

2. 13 

3.36 




Calculated 





R—X(Ce 3+ = 1.11 A.) 


CeN 

5.011 

2.50 

2.59 

2.52 

CeP 

5.897 

2.95 

2.97 

2.92 

CeAs 

6.060 

3.03 

3.02 

3.00 

CeSb 

6. 399 

3. 20 

3. 19 

3.22 

CeBl 

6.487 

3. 24 

3.24 

3.32 


PrN 

PrP 

PrAs 

PrSb 

PrBl 


NdN 

NdP 

NdAs 

NdSb 


5. 

5. 

5 . 

6 . 
6 . 


155 
8 60 
997 
353 
448 


5. 

5. 

5. 

6 . 


141 

826 

958 

309 


(Pr fl+ = 1.09 A. ) 


2.58 
2.93 
3.00 
3. 17 
3.22 


2.57 
2.95 
3.00 
3. 17 
3.22 


(Nd 3+ = 1.07 A.) 


2.57 
2.91 
2.98 
3. 15 


2.55 
2.93 
2.98 
3. 15 


2.52 
2.92 
3.00 
3. 22 
3. 32 


2.52 

2.92 

3.00 

3.22 
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III. COMPOUNDS RX 


TABLE 


111,5. METALLIC NITRIDES AND CARBIDES 
WITH THE NaCl ARRANGEMENT 

Calculated 



Experimental 

R- R= 

I f 

Ionic 

If non- 

Ionic 

Crystal 

do 

R—X 

X—X 

R—X 

X—X a 

R—X 

X—X 

ScN 

4.44 A. 

2.22 A. 

3.14 A. 

2.29 A* 

2.96 A. 

2.21 A. 

3.02 A* 

TIN 

4.235 

2. 11 

2.98 

— 

2.96 

2.14 

2.88 

TIC 

4.320 

2.16 

3.05 

2.19 

3.02 

2.21 

2.88 

VN 

4. 129 

2.06 

2.91 

— 

2.96 

2*02 

2. 64 

VC 

4.15 

2.07 

2.93 

— 

3.02 

2.09 

2.64 

CrN 

4. 140 

2.07 

2.93 

— 

2.96 

— 

— 

ZrN 

4. 61 

2.31 

3.27 

— 

2.96 

2.36 

3.32 

ZrC 

4.687 

2. 34 

3.31 

2.31 

3.02 

2.43 

3. 32 

CbN b 

4.41 

2. 20 

3. 11 

— 

2.96 

2.13 

2.86 

CbC 

4.462 

2.23 

3. 15 

— 

3.02 

2.20 

2.86 

HfC 

4.4578 

2.23 

3. 16 

— 

3.02 

2.43 

3. 32 

TaC 

4. 445 

2.22 

3.14 

— 

3.02 

2.19 

2.84 


3 The close approach of anions to one another ^en th^e crystals 
are considered ionic prevents a calculation of corresponding cati 
size from the observed atomic distances. 

k CbN has also been described 
not clear whether or not both 


It is 


forms exist. 
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III. COMPOUNDS RX 


TABLE III,6. 


RHOMBOHEDRAL HYDROSULFIDES AND 
HYDROSELENIDES 


Crystal 


Unit rhombohedron 
(unlmolecular) 
cio ^ 


NaCl-llke pseudo-cell 


a o 


NaSH 

NaSeH 

KSH 

KS eH 

RbSH 

RbSeH 


3. 99 A 
4.16 

4. 37 
4.51 
4.56 
4.66 


67 0 5 6 * 
68 ° 4 1 
69° 2 1 
69°18 ' 
69° 8 1 
70°24 * 


5.99 A 
6.24 
6. 61 
6.84 
6.89 
7.12 


9 6 
9 6 
97 
97 


21 ' 

27 * 

9 ' 

21 ' 


97° 13 

98° 7 
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COMPOUNDS RX 


TABLE III,8. INTERMETALLIC CRYSTALS WITH THE 

CsCl ARRANGEMENT 


Crystal 


Exp erlmental 


ao 


Metallic radii 
R ’ — X' 


X' 


Ll Ag 
LlHg 

L1T1 

CuPd 

CuZn 

AgMg 
AgZn 
AgCd 
AgL a 
AgCe 

AuMg 
Au Zn 
Au Cd 

Be Co 
Be Cu 
BeP d 

MgHg 
MgLa 
M gCe 
MgPr 


3. 168 A 
3.287 
3. 424 

2.988 
2. 945 


3. 

3. 

3. 

3. 


28 
156 
33 
7 60 
731 


3.259 

3. 19 

3. 34 ( 400 °C. ) 

2. 606 
2.698 

2. 813 

3. 44 
3. 9 65 
3. 898 
3. 88 


MgTl 

3. 628 

MgSr 

3. 900 

CaTl 

3. 847 

SrTl 

4.024 

ZnLa 

3. 75 

ZnCe 

3. 70 

ZnP r 

3. 67 

CdL a 

3.90 

CdCe 

3.8 6 

CdP r 

3.82 


2. 75 A. 

2.96 A. 

1.07 

2.85 

3.0 1 

1.05 

2.97 

3. 25 

1.09 

2. 59 

2. 64 

1.02 

2.55 

2. 60 

1.02 

2.85 

3. 10 

1.09 

2.73 

2. 77 

1.01 

2.89 

2. 93 

1.0 1 

3.26 

3.30 

1.01 

3.23 

3. 25 

1.0 1 

2.83 

3. 10 

1.09 

2.77 

2.77 

1.00 

2.90 

— 

— 1 

2. 26 

2. 40 

1.06 

2. 33 

2. 40 

1.03 

2. 44 

2.51 

1.03 

2. 98 

3. 15 

1.06 

3.43 

3. 46 

1.0 1 

3. 38 

3.4 1 

1.0 1 

3. 36 

3. 49 

1.04 

3.14 

3. 39 

1.08 

3. 38 

3. 73 

1. 10 

3. 34 

3. 70 

1.11 

3. 48 

3.87 

1. 12 

3. 25 

3.20 

0.99 

3.21 

3. 14 

0.98 

3. 18 

3.16 

0.99 

3.38 

3. 36 

0.99 

3. 35 

3.30 

0.98 

3.31 

3.32 

1.00 
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III. 


COMPOUNDS RX 


TABLE 111,10. CRYSTALS WITH THE ZINC BLENDE ARRANGEMENT 


Observed 


Calculated from 

Cor. Ionic radii Neutral radii 


Crystal 

a o 

R—X 

R—X 

R—X 

CuF 

4.256 A. 

1.85 A* 

2 . 16 A* 

1.99 A* 

CuCl 

5.4057 

2.35 

2 . 60 

2.34 

CuBr 

5.6806 

2.46 

2. 69 

2. 46 

Cul 

6.0427 

2 . 62 

2.91 

2. 63 

Agl 

6.473 

2.80 

3. 18 

2.81 

BeS 

4.85 

2. 10 

2.00 

2. 10 

BeSe 

6.07 

2.20 

2. 13 

20 

BeTe 

5.54 

2.41 

2.33 

2. 38 

MnS( red) 
MnSe 

5. 600 

5.82 

2.43 

2.52 

2.45 

2.58 

2.28 

2.38 

ZnS 

5.412 

2.36 

2.39 

2.35 

ZnSe 

6.65 

2.45 

2.63 

4o 

o n or 

ZnTe 

6.07 

2 . 63 

2.74 

2 • 63 

CdS 

CdTe 

5.82 

6.41 

2.52 

2.78 

2 . 61 

2.95 

2.62 

2.80 

HgS 

5.84 

2.53 

2.73 

P ft 7 

2.52 

2.62 

HgSe 

HgTe 

6.07 

6.36 

2. 63 

2.76 

3.06 

2 . 80 

A1P 

AlAs 

AlSb 

5.42 

5.62 

6 . 13 

2.35 

2. 43 

2 . 66 

2. 10 

2.27 

2.31 

2. 36 

2.44 

2 . 62 

Gap 

5.436 

2. 36 

2.22 
p f ZQ 

2. 36 

2. 44 

GaAs 

GaSb 

5. 635 

6 . 118 

2.43 

2. 65 

oo 

2.45 

2 . 62 

InP 

5.861 

2.54 

2. 49 

P 

2.62 

2.60 

In As 

InSb 

6.036 

6.461 

2 . 62 

2.80 

oo 

2. 69 

2.80 

SIC 

4. 348 

1.89 

1.79 

1.94 



III. COMPOUNDS RX 



TABLE 111,11. CRYSTALS WITH THE ZINCITE ARRANGEMENT 


Crystal 


NH*F 

CuH 


a 0 


4.39 A* 
2.893 


Agl 

4.580 

BeO 

2. 695 

MgTe 

4.52 

MnS(plnk) 

3.976 

MnSe 

* . 12 

ZnO 

3.2426 

ZnS 

3.811 

CdS 

4. 131 

CdSe 

4.30 

ain 

3. 104 

GaN 

3. 180 

InN 

3.533 

TaN 

3.05 

CbN a 

3.017 

a If thi 

s he xa 

only kno 

iwn cry 

ue of C / 

a far 


Co 


7.02 A. 
4. 614 
7.494 
4.39 
7.33 


6 . 

6 . 

5. 

6 . 
6 . 


432 

72 

1948 

234 

691 


7, 

4, 

5 

5 

4 


02 
9 65 
166 
693 
94 


5.580 


Observed 


R 


2. 63, 2. 69 A* 


2 .81, 2.80 
1. 64, 1. 65 
2.75, 2.76 


2. 41, 2.44 
2.52, 2.52 
1.95, 1.98 
2. 33, 2. 33 
2.51, 2, 53 


2. 63, 2. 64 
1.86, 1.90 
1.94, 1.94 
2. 13, 2.16 
1.85, 1.86 


Cor. Ionic radii Neutral 


R—X 


2.64 A. 


form of 


ZnO 


3. 18 
1.59 
2. 65 


2.45 
2.58 
1.99 
2.39 
2 . 61 


2.74 
2.04 
2 . 16 
2.34 


CbN really exists, it 


R—X 


2.81 A. 

1.72 

2.72 


2.28 

2.38 

1.97 

2.35 

2.52 


2 . 62 
1.96 
1.96 
2. 14 


l s 


the 


arrangement having a val 




III. COMPOUNDS RX 


TABLE 111,12. THE MnS AND MnSe STRUCTURES 


Crystal 


Structure Type 


Observed 
R 


Ratio 


MnS 

MnS 

MnSe 

MnSe 


NaCl 

ZnS 

NaCl 

ZnS 


2. 60 A 
2. 43 A 

2. 72 A 
2 . 62 


0. 935 


0.9 28 


TABLE 111,13. NEUTRAL ATOMIC RADII FROM 

TETRAHEDRAL CRYSTALS 


I 

I I 

III 

IV 

V 

VI 

VI I 

— 

Be (4) 

1.0 6 A. 

B ( 5 ) 

0 . 88 

C( 6 ) 

0.77 

N (7) 

0. 70 

0 ( 8 ) 

0.63 

F(9) 

— 

Mg( 12) 

1. 46 

A1(13) 

1 . £5 

SI(14) 
1. 17 

P ( 15) 

1 . 10 

S ( 1 6 ) 
1.05 

Cl(17) 
0.99 

Cu (29) 

1.29 

zn(30) 

1.31 

G a (31) 

1 . 26 

Oe (32) 

1.22 

As (33) 

1 . 18 

Se(34) 

1. 14 

B r(35) 
1. 17 

Ag(47) 
1.46 

Cd (48) 

1. 48 

In(49) 

1.42 

Sn(50) 

1.40 

Sb(51) 

1.40 

Te (51) 
1.32 

I (53) 
1.33 

Au(79) 

H g(80) 

1. 48 

T1(81) 

Pb (82) 

B1 (83) 
1.50 



Mn(25) 

1.38(from MnS) 
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III. 


COMPOUNDS RX 


I 




COMPOUNDS RX 


TABLE 

III , 15. 

CRYSTALS WITH THE 



ARRANGEMENT 

Crys tal 

<*0 

Co 

R—X 

VS 

3.360 A 

. 5.813 A. 

2.42 

VSe 

3. 580 

5.977 

2. 55 

CrS(53 at 

3.448 

5. 754 

2. 44 

% S) 




CrSe 

3. 68 4 

6.019 

2.54 

CrTe 

3. 98 1 

6.21 1 

2. 77 

MnTe 

4. 124 

6. 698 

2.91 

FeS 

3.453 

5. 670 

2.45 

FeS x 

3.43 

5. 68 

— 

Fe Se 

3. 637 

5.9 58 

2. 55 

Fes e 

3.51 

5.55 


«• ^ 

FeTe 

3.800 

5.651 

2.61 

CoS 

3.367 

5. 160 

2. 33 

Co Se 

3.614 

5.278 

2.46 

CoTe 

3.886 

5.360 

2. 62 

N1 S 

3. 42 

5. 30 

2.38 

N1 Se 

3. 66 

5.33 

2.50 

NITe 

3. 957 

5.354 

2. 64 

P dTe 

4. 127 

5.663 

2.77 

CrSb 

4. 10 7 

5.468 

2. 74 


Mn As 
MnSb 


(F63 Sb2) 
Co Sb 
N1 As 

N1 Sb 
PdSb 
P tSb 


3.716 

4.120 


704 

784 


2. 78 


3. 

3. 

3. 

4. 
4. 


8 66 
602 

94 

070 

130 


5. 188 
5.009 
5. 14 
5. 582 
5. 47 2 


2 . 

2 . 

2 . 

2 . 

2 . 


58 

43 

60 

73 

75 


o 

r(R) 

1.45 A 
1. 49 
1. 44 


50 

55 

67 

42 


1.46 


L .41 
L. 30 
L. 32 
L. 34 
L. 33 

1. 33 
1.33 

1. 42 
1. 36 
1.42 

1.44 


29 

25 

28 

39 

36 


r(X) 

0.97 A 
1.0 6 
1.02 


1.09 

1.22 

1.24 
1.03 


1.09 


1.20 
1.03 
1 . 14 
1.28 
1.05 

1.17 
1.31 
1.35 
1.38 
1. 16 

1.34 


Mn x Sb 

4. 13 

5. 74 




(Mn 0 Sb 2 ) 
MnBl 

4.30 

6.12 

2. 92 

1. 53 

1.39 

Fe Sb 

4.06 

5. 13 

2. 67 

CD 

CV2 | 

• 1 

tH 

1.39 

Fe’ Sb 

4.11 

5. 17 





1 . 

1 . 


29 

18 

32 

34 

39 
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III. 


COMPOUNDS RX 


CRYSTALS WITH TH 
MnP ARRANGEMENT 


Exp erlmental 


Crystal 

(Iq 

bo 

c o 

T 

X 

R— R 

FeP 

5.782 A. 

5. 177 A. 

3.089 A. 

ca 2. 30 A. 

ca 2.70 

MnP 

5.905 

5.249 

3. 167 

2. 35 

2. 74 

CoP 

5.588 

5.0 66 

3.274 

2. 25 

2. 64 

Fe As 

6.0 16 

5.428 

3.366 

2.40 

2 • 9 1 

Mn As a 

6.36 

5.63 

3. 62 

— 

— — 

Co A s a 

5.9 6 

5. 15 

3.5 1 



CrP 

5.93 

5.355 

3. 12 



Cr As 

6.210 

5.730 

3. 479 




a These data are not very accurate 
breadth of the x-ray reflections, 

that these crystals actually have 


because of the 
It is not impossibl 

the NiA s structure. 
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. COMPOUNDS RX 


TABLE 111,17. MISCELLANEOUS COMPOUNDS RX 


Crystal Symmetry 


AgCN 

hlgh-Agl 

AsS 

BN 

(ON) I 

CO 

CO 

CoB 

CuO 

CuS 

FeB 

OeS 

HBr(low) 
HBr(hlgh) 
HC1 (low) 
HCl(hlgh) 


Rhomb olu 
Cubic 
Monocl. 
Hexag. 
Rhomb oh. 

Cubic 

Hexag. 

Ortho r. 

Monocl. 

Hexag. 

Orthor. 

Orthor. 

Orthor. 

Cubic 

Orthor. 

Cubic 


a o 

3.88 A. 
5.034 
9.27 
2.51 
4. 41 

5.63 
4. 11 
3.948 
4. 653 
3.80 

4. 053 

4.29 

5. 555 

5.76 

5.03 

5.46 


^o 


^o 


13.50 


5.243 

3.410 


5.495 

10.42 
5.64 

5.35 


HF 

Tetrag. 

5. 45 


HI 

Tetrag. 

6. 19 

“ 

HgO 

Orthor. 

3.29 6 

3.513 

HgS 

Hexag. 

4. 16 

5. 14 

KCN(low) 

Orthor. 

4.24 

LI CN 

Ortho r. 

6.52 

8.73 

L 1 2 0 2 

Tetrag. 

5.48 


MnB 

Orthor. 

2.95 

11.5 

MoC 

Hexag. 

2.901 

——• 

NS 

Orthor. 

8.78 

7. 14 

NaCN 

Orthor. 

3.74 

4.71 

Na 2 0 2 

Tetrag. 

6. 65 


N1S 

Rhomboh. 

5. 655 


NISe 

Rhomboh. 

— 

4. 722 

PbO(yel¬ 

Orthor. 

5.459 

low) 

PbSnS 2 

Orthor. 

4.28 

11.33 


(Xor 3 


101 ° 11 


Remarks 


6.56 
6. 69 


73 u 27 


101° 24' 


6.79 


3. 

5. 

16. 

2 . 


037 

108 

43 

946 


99° 29 


3. 64 

6.063 (— 170°C. ) 
5.71 (— 170°C. ) 


9.95 (- 180° C, 
6. 68 (- 150 °C, 

5.504 — 

9.54 — 

6. 16(— 60°C. ) 

3.73 — 

7.74 — 

4. 10 — 

2.786 — 

8.645 — 


5. 61 
9.91 


116° 36 


5.859 


1 

2 

16 

2 


16 

4 

2 

3 
2 

4 
8 
8 

1 

16 


* 

III d4 

31 

II 

II 

III d3 
fl 

h2 

d3 

h 3 

V 3 


V* 


* 

* 

el 

a5 

a4 


3 2 

g 1 
* 

* 

* 

a4 

gl 

h 1 
h l 
* 


4.04 
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TABLE 111,17. (2) 


Crystal 

Symmetry 

oo 

bo 

c o 

a or 3 

M 

Remarks 

PdS 

_ a - 

Tetrag. 

6. 34 

— 

6. 63 


8 

a 

sio* 

Cubic 

6.4 

— 

— 

— 

8 

V 

h3 

SnS 

0 r t ho r. 

4.33 

11. 18 

3.98 

— 

4 

T1F 

Orthor. 

5. 180 

5.495 

6.080 

— 

4 

a3 

Til 

Orthor. 

5.24 

4.57 

12.92 

— 

4 

11 

TTSe 

Tetrag. 

8.02 

— 

7.00 

— 

8 

12 

wc 

Hexag. 

2.910 

— 

2.838 

— — 

1 

* 


a Designations such as IIId4 refer to corresponding paragraphs 
in the text. 

Nothing beyond the data of the table is known about crystals 
marked with an asterisk. 


Chap. Ill, table page 42 


III. COMPOUNDS RX 




III. COMPOUNDS RX 



Chap 



III. COMPOUNDS RX 


' 


15 


0 


/ 


15 


15 


15 7 


35 


15 


15 


15 


5 


15 


0 


.15 


0 


65 


15 


15 


y 


15 


15 


O 


15 


15 


35 


15 


0 


65 


.15 


15 


15 


(l 




ri6 . Ill, 6a. A projection of the atomic ar¬ 
rangement in the tetragonal uni t cell of N ( CH 3 ) 4 C1 
upon its base. Smallest circles, lying within 
groups of four large circles, are nitrogen atoms; 
the surrounding large circles are carbon atoms as 
centers of methyl radicals. Isolated circles, 

of intermediate size, are chlorine atoms. Numbers 

give the parameter along the c-axis. 
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A packing drawing showing the 
and Cl" ions in N(CH 3 ) 4 C1 pack 
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Fig. 
Ill . 7 


■UV* /''• 


^ j. 


Fie III, 7- Aperspective drawing showing the 
waj zinc and sulfur atoms would pack together xn 
the ZnS arrangement if they had the* acc ept. 3Q _^ £ 
sizes. If as is more probable the bondingin t 

crystal is "neutral" then these circles will 
more nearly equal in size. 
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Fig. 
Ill , 8a 


D 


B ‘> 


A 


Fig. Ill, 8a- A drawing that shows the posi- 
ions of the atoms in the hexagonal unit cell of 
LnO. The zinc atoms are represented by the samll 

)lack circles. 
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Fig. 
Ill , 8b 


■ ■AMD 
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Fi£T III 8b. A perspective drawing showing 

,w rtSi. It *0 would pack together if they wer 

ms. The small black spheres are zinc. Letters 
i this drawing refer to atoms similarly designa e 

i Figure III,Sa. 
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Fig. Ill,9a. The arrangement of the atoms in 
the unit hexagonal cell of Ni As. Black circles 
represent the nickel, open circles the arsenic 

atoms. 




. Ill,9b. 

of the NiAs 

shaded, the arsenic 



perspective packing drawing 

The nickel atoms are dot- 
atoms are line-shaded. 


Fig. 

Ill , 9a 


Fig. 
Ill . 9b 
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Pb 


Oo 


0 


0 


0 


Cl 


r 
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* 


c 


Fig 

III 


. Ill, 12a. The atomic arrangement in tet¬ 
ragonal PbO proj ected on an a-face. The lead atoms 
are designated by large circles. 
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Fig. Ill, 12b. A packing drawing corresponding 
to the proj ection of Figure III, 12a. In order to 
indicate the relation of the atoms to one another, 
lead has been shown as big, oxygen as sma sp eres. 
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CHAPTER IV. 

STRUCTURES OF THE COMPOUNDS RX^ 


Most crystals of the corr.posi t ion RX 2 have structures 
belonging to one of a comparatively few different types. 

In most of these the bonding; between atoms is predominantly 
ionic and relative ionic sizes largely determine atomic ar¬ 
rangement. For this reason it has proved convenient to use 
the radius ratio that expresses relative size and the coor¬ 
dination that results from it as the basis for grouping; 
observed structures. 
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THE FLUORITE ARRANGEMENT 


IV a 


(IV, al) • Crystals RX 2 in which R is especially big 
are likely to have the fluorite arrangement, In this 
grouping (Figure IV, l) each R atom is at the center of 
eip;ht X atoms situated at the corners of a surrounding 
cube; and each X atom has about it a tetrahedron of R atomi 
The symmetry is cubic with the atoms of its four molecules 
per unit in the following; positions: 


X 


(4b) 

(ee) 


0C0; 

HI. 


F # C. 

333 . 


F. C 


A. simple calculation shows that for spherical atoms con¬ 
tact between an R atom ajnd its eight coordinated X atoms 
would occur only when the radius of R is greater than 0.72 
times that of X, i . e . when r(R) G. 73 * r (X). This re¬ 
lation is fulfilled for compounds with the fluorite ar¬ 
rangement. 

As will be seen from Table IV, 2 the many fluorite¬ 
like crystals are of four kinds: 

(l) Halides, all but one of them fluorides, of the 
larger divalent cations. 

(^) Oxides, sulfides, etc. of univalent ions, m0S ^JL 
alkalis. ihis structure, with atom R the negative ra 
than the positive ion, is sometimes called the antif 

ite arrangement; its radius ratio is commonly greater 
unity. 

(3) Ox ides of large quadrivalent cations. 

(4) 

Interrr.etallic compounds. 

fhe interatomic distances that prevail in a -^ ^ s tan<2' 
crystals of Table IV, 2 are close to the sums of the ^ 
ard octahedrally coordinated ionic radii °f Table otl 
fhis indicetes that the radius of a cation in corr tbe 

with eight anions of half the valence is essenti a J NaC l 
same as in the straight six—fold coordination o 

grouping. 
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LaOF ana several intermetall i c compounds of composi¬ 
tion RXX* appear to have the fluorite structure. Presum¬ 
ably their X atoms are in (4d) Ok> F. C. and their X T 
atoms in (4e) zSC; F. C. 


IV a 


Many crystals of more complex chemical composition, 
listed in Chapter VI, also have this fluorite structure. 


(IV,a2). 

ture that is 
Its symmetry 


The mineral baddeleyite, Zr*0 2 , has a struc 
a distortion of the fluorite arrangement, 
is monoclinic with a cell of the dimensions 


— 

5. 21 

A., 

t a 

tomic 

pos 

ion 

; in 

the 

tions of 

C 2 fr 

Zr 

(1): 

(a) 

Zr 

(2) : 

(d) 

0 

(1): 

(e) 

0 

(2) : 

(e) 


= 5.26 A., c 0 = 5.37 A., 3 = 80 


o t 


ions have been the subject, for some dis 
test structure they are in the following 

(P2i/c) : 

000 ; oh'h 

■p-Oj?; i?0 

±(xyz; x,y+p,p-z)* with x = 0. 200, 


w 1 


= 0 . 220 , 


th x = 0. 


= 0.210 

, y = 0. 750, 


= 0.21C 


The deviations from the cubic fluorite grouping as meas¬ 
ured by the departure of the unit from a cube an o x, y 
and 2 from i and 1, is considerable. The eight oxygen 
atoms about a zirconium atom are at distances varying e 

tween 1. 95 A. and 2.C5 A. 

Three other forms of Zr0 2 have been described. One of 
these, the modification stable above ca 1400 C., is cubic 

with the fluorite arrangement (Table IV,2). 
preserved by quenching to room temperature only if so 
impurity such as LlgO is present. A tetragonal form 
taining four molecules in a prism of the dimensions 


a o 


= 5.C7 A. , c 0 = 5-ie A * 



wyckoff: crystal structures 


is ODiainea by decomposing zirconium salts below about 
£00 C. ; this too is said to be a distorted fluorite group 
ing though a thorough study has not been made. Still a 
fourth, hexagonal, structure with 


= 5. 598 A., 


= 5.875 A. 


has been described though its existence has not been con- 
firmed. 
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OCTAHEDRALLY COORDINATED STRUCTURES 


No other ionic structure of the type RX 2 involving; 
eight-fold coordination nor any with a coordination great¬ 
er than eight, is known. There are, however, several 
structures with six-fold coordinations. Chapter III con¬ 
tained examples of a symmetrical six-fold coordination 
achieved with the six X atoms octahedrally arranged about 
an R atom, as in the ionic NaCl, and with the X atoms at 
corners of an enveloping trigonal prism, as in the presum¬ 
ably non-ionic NiAs. The coordination in the following 
RX 2 crystals is octahedral. Octahedrally distributed X 
atoms, considered as spheres, are in contact with one an¬ 
other rather than with a central R atom for r(R)/r(X) less 
than 0.41. As was noted in the preceding chapter, the 
octahedrally coordinated crystals with the NaCl arrange¬ 
ment commonly do not occur for compounds having anions so 
big that their contacts prevent a close approach of anion 
and cation. To the degree that the same factors operate 
here one would expect octahedrally coordinated structures 
when the radius ratio lies between ca. 0.7o and 0.41. 

(IV,bl). The most common structure with an octahedral 
coordination is that typified by cassitente , Sn0 2 . It is 
possessed by the dioxides of a number of quadrivalent met 
als and by fluorides of metals having especially small di¬ 
valent ions. The symmetry is tetragonal with a flat unit 
containing two molecules. Atoms are in the following spe 

cial positions of D 4 ^ 14 (p4-/mnm) : 


R: (a) 


000 ; vhh 


i i 


i 


X: (f) ± (uuO; u+r>, p-u, *) . 

As can be seen from Table IV, 3 all the crystals with this 
structure (Figure IV,2) have about the same axial ratio. 
Values of the parameter u have not been well de \ e ™ ie 
for many of them but where known it is no ar r . • 

The six X atoms about each R atom are of two so ^ ts 
octahedron is not exactly regular, four emg a si 


IV b 
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different distances from the other two. In those instance* 
where accurate parameters have been established, these ob¬ 
served R—X separations do not differ by more than about 
0. 10 A. and they agree well with the sums of the ionic 
radii of lable 111,3. This structure brings anions close 
together and in fact it makes one anion-anion contact con¬ 
siderably less than the ionic radial sum. Thus in the 
topical case of Sn0 2 , one 0—0 = 2.54 A. whereas the other 

close approaches of oxygen atoms are 2.90 A., which is 
near the ionic radial sum. Pauling has discussed the con¬ 
ditions for stability of this structure in terms of sim¬ 
plified electrostatic theory; he concludes that the ar¬ 
rangement actually observed expresses a balance between 
(a) the heightened overall stability that results from in¬ 
creasing the axial ratio and (b) the oxygen distortion 

that results from this increase. 


(lV,b2) • A structure has been given the orthorhombic 

crystals of anhydrous CaCl 2 and CaBr 2 which is only a 
s ight distortion of the cassiterite grouping. Their bi- 
m.o ecular cells have the dimensions: 


For CaCl 2 : a 
For CaBro : a 


6 . 24 A. , 


6 . 43 A. , c 0 


6 .55 A. , b Q = £.88 A. , 


c o 


= 4. 20 A 

= 4.34 A, 


Atorrs are in the following positions of V£ 2 (Pnnm) : 


Ca: 


(a) OCC; 


Cl or Br: (p) ±( uv0; 




haJ e C not 2 vl S'? 75, v “ 0.325. The bromine parameters 

of the determine d in CaBr The nearest approach 

of ch1o°^f 1 ™-i nd . chlorine -tomS, 2.70 - 2-76 A.,_and 


O-p -d UCJiriy , /'U - ^ • I ^ 7 ^ j 

with the 1 "^ at ° ms to one another, 3.60 A., are in acc 
with the idea of ions. 

arran^em UC + Ur e (FipUre IV > 3) would be exactly the SflOs 

pre “Sr fr ^ = 6 ° u The distortion it £ 

Sen atoms f ^® sponds to a small displacement of the tur e 
atoms from positions in the more symmetrical structu 


^,3) would be exactly the 

id u = v. The distortion it 
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(IV, b3) . Titanium dioxide, Ti0 2 , has two modifica¬ 
tions in addition to its cassiterite form which is rutile 
These too are octahedrally coordinated structures. The 
simpler (Figure IV,4), found in the mineral anatase, is 
also tetragonal with the elongated cell: 


or 0 = 3: 776 A. , 


= 9. 486 A. 


Atoms of its four molecules are in the following special 
positions of ( 14 /amd): 


Ti 


0 : 


(a) 

000; 

oil; B. C. 

(e) 

OOu; 

OOu; 0,-p, u 

0. 208. 

The 

distances 


l l 


B. C 


VV l/li v/# ^ w - -- M . V 

its six oxygen neighbors are nearly equal (1.91-1.95 A.; 
to one another and to those in rutile but the oxygen octa 
hedron is not regular. In rutile there was one, in ana¬ 
tase there are two especially short oxygen—oxygen separa¬ 
tions (2.43 A. ) . 


(IV b4) The third form of Ti0 2 , the orthorhombic min 
eral brookite , has a more complicated crptal structiire 
(Figure IV,5). Its eight-molecule unit has the dimensions 


a Q = 9. 166 A. , 


= 5.436 A., c 0 = 5.135 A. 


All atoms are in general positions of V^ 


1 6 


(Pbca): 


(c) 


±(xyz; x+p;,i-y>z; x,y z; v. x,y,z+jy) 


. , . m v-i „ jv 4 The interatomic dis- 

with the parameters of Table 

the six oxygen atoms ab,,ut each ■*£» ^ 0 « ite 

distances that range from 1.92 . oxvfen 

too there is close anion-anion contact, the oxygen-oxygen 

separations varying upwards from 2. 

way To^lllTo^lTlne 
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V b 


entire crystal. In rutile (the form stable at room temp¬ 
erature) each octahedron shares two of its edges, i.e., 
two pairs of its oxygen atoms, with two adjacent octahedra r 
in this way yielding strings that run through the crystal 
parallel to the c-axis. Three edges of each octahedron 
are shared in brookite; in anatase four are held in common. 

While there are many crystalline substances isomorphous 

with rutile (Table IV, 3 ) no other dioxide has the anatase 

arrangement and only Te0 2 has a form somewhat resembling 

brookite. It is the mineral tellurite whose unit cell has 
the dimensions: 


a 


o 


- 5. 50 A. , b Q - 5 . 59 A. , 


= 11. 75 A. 


/ V-/ -- 

In spite of the similarity in the cell-shapes of these two 
crystals and their common space group V h le , the different 
relation of their symmetry elements to the cell axes give 
xnem different structures. All atoms in tellurite are in 

™ e ?? ra pos ^ t; *‘ ons ( c ) listed above with the parameters of 
helpful * ^ further study of this crystal would be 


a P • 


text 


pa ge 



IV. COMPOUNDS RX 



layer structures 


. . In the foregoing structures there is contact 

between unlike atoms in different directions and the crys¬ 
tal as a whole can be thought of as held together through 
such anion-cation contacts. There are, however, other 
octahedrally coordinated arrangements in which atomic con¬ 
tacts in certain directions are only between like atoms, 
these are the so-called layer structures; as such they are 
more or less complete packings of their large atoms, or 

anions, with the small cations lying in the interstices of 
this packing. 


(IV, cl). The simplest and most familiar of 
the original Cdl 2 , or Cd(OH) 2 , grouping. It is 
with a single molecule per cell. The atoms are 
following special positions of D s a 3 (C3m): 

R: (a) GGC 


these is 
hexagonal 
in the 


(d) V3,u 


with u about i. 


More than 30 crystals (Table IV, 6) have been found to 
have this arrangement (Figure IV, 6). They are for the 
most part hydroxides, bromides and iodides of divalent 
metals, and sulfides, selenides and te]lurides of tetra- 
valent metals. 


With u = 
perfect hexa 
lies between 


i and c/a = 1.63 the X 


onal close packing; 
ca 1. 60 and 1. 40. 


m 


atoms 

known 


would be 
crystals 


m a 
c/a 


In the typical example of Cdl 2 the Cd—I distance is 
2.99 A. and the I — I separation is 4.21-4.24 A. These 
distances are about equal to the sums of the ionic radii 
and from this standpoint the crystal can be viewed as a 
hexagonal closepacking of iodide ions with the small cad- 
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mium ions nested between alternate layers of iodine. In 
some other crystals with this structure the X—X separa¬ 
tions are not all alike and some are larger than the ionic 
sums. When better values of u are at hand it will be im¬ 
portant to speculate about the significance of these dif¬ 
ferences. 


(IV,c2) . The CdCl 2 arrangement (Figure IV,7) differs 
from this Cd (OH) 2 structure in having its anions in a cu¬ 
bic rather than a hexagonal close packing. Its unit cell* 
a rhombohedron containing a single molecule, has atoms in 
the following special positions of D ad 6 (R3m): 

R: (a) 000 


(c) 


uuu; uuu 


with u = 0. 


This structure has been found 
pounds, all but one of which are 
ides, bromides or iodides (Table 


for about a dozen 
divalent metallic 

IV, 7) . 


com- 

chlor 


o facilitate its comparison with the hexagonal Cd( 0 H )2 
ca um chloride can be expressed in terms of a hexagona 
P r,°^ it containing three molecules in the same way i 

e ra l forms of SiC have been expressed in hexagon 

unit >^ na For CdCl 2 this hexagonal pseudo¬ 

unit has the dimensions: 


r - 


a o - 3.85 A., =17.46 A., 

and atoms are in the positions 

Cd. CXX); 1 /3, %, y S; fa, y 3> or OOO; Rh 

Cl: OCu; 00u; ^.%. u+ y 3; y 3> V 3 -u; 

%. + %. yz.%-n; or OOu; OCu; R* 

same si z e S and°a t > 1 ^ : ’ v, 1 * obviou sly has a base of a £ oU £ d i 2 
unit (IV,cl) e ight three times greater than t e 


I 
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In both these structures the cadmium atoms are at the 
centers of octahedra which can be thought of as joined to¬ 
gether in sheets perpendicular to the three-fold crystal 
axes by having X atoms in common. In the iodide these 
sheets are stacked one above another and in CdCl 2 thev are 
staggered according to the demands of the cubic close'pack- 
ing of the chlorine atoms. In the latter crystal Cd—Cl = 
2.74 A. and Cl—Cl = 3.68 A. are about equal to the sums 
of the radii of these atoms as ions; in other compounds 
showing this structure the parameters u have not been estab 
lished with sufficient accuracy to show if this is always 
true. 


IV c 


The only non-halide to which this structure has been 
assigned is Cs 2 0. What has actually been established for 
this crystal is the approximately cubic close packing of 
its cesium atoms, the departure from perfect packing 

being expressed by the 4° departure from 90° of the 
rhombohedral pseudo-cell containing four cesium atoms. 

The angle of such a rhombohedron is 94°. The positions of 
the oxygen atoms cannot be fixed without more quantitative 
diffraction data than now exist and therefore it is con¬ 
ceivable that Cs 2 0 might have a distorted cuprite grouping 
(IV, fl) rather than one based on the CdCl 2 arrangement. 


(IV, c3). Since the first studies have been made 
has been reported that some crystalline preparations 
Cdl 2 show diffraction lines that cannot be accounted 
by the simple grouping of IV,cl. Instead they point 
two-molecular cell with a base of the same dimensions as 
that of the simple structure but with twice the height: 


it 
of 
f or 
to a 


a 


o 


= 4.24 A. , c 0 = 13. 67 A. 


This mo 
ic ar 
(C6mc) : 



complicated diffraction pattern points to an atom 

described by the following positions of C 0v 4 


Cd : 

(b) 

V3, Z /Z, u; 

z /3, y3, u+ 72 . 

with u = 0 

I ( 1 ) : 

(b) 

with u = 

3 /3 


I ( 2 ) : 

(a) 

GOv; 0,0, 

v+^ 2 , 

with v = ^6 
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Such a grouping (Figure IV, 8) has the same sheets of linke 
Cdl a octahedra as the preceding structures; but the stack¬ 
ing is different from that in either. Crystals of Cdl 2 
have shown this arrangement whether prepared from solution 
or by sublimation. It has not been described for other 
substances of Table IV, 6 but this may well be due to a 
failure to look for it among them. 

The only other substance known to have this structure 
is Cd(OK)Cl. Its unit prism has the dimensions: 


a o - 3. 66 A. , 


= 10.27 A. 


In this grouping cadmium and chlorine atoms are described 
as being in (b) with u(Cd) = O and u(Cl) = 0.337 while the 
OH is in (a) with v = 0. 60. These parameters are not very 

different from the ones given Cdl 2 ; their departure from 
3/8 and 5/8 can be considered as a consequence of the dif¬ 
ferent sizes of the Cl' and (OH) * ions. In this mixed 
structure planes of OH alternate with Cl planes normal to 
e c axis; hence the octahedra surrounding cadmium atoms 
consist of three chlorine atoms on one side and three hy¬ 
droxyl groups on the other. 

The two Cdl 2 structures and that of CdCl 2 are related 
,° n ? pother somewhat as are the various forms of SiC. 
a l),prought out clearly through the type of treatment 
its s 7 applled to the carbide (ill, c3) . In describing 

c-rnr-i Vera arrangements , atomic layers normal to the 

tvniiai de f ignated as 0,1, or 2 according as their 

1/3 2/3 0rnS ^ ad the co °rdinates OOu or were displaced 
quence of at 2/3 ’ 1/3 > z ’- A similar listing of the se- 

packed ^ni^Tf al “* ^ ^^ 

three cadmium halide structures g 

For simple Cdl, [Cd(OH),]: 1 . 2 . .... 


For CdClo : 


a-Ls LCd (OH) 2 ] : 1,2, 1, 2, 1, 2,1, 

!» 0, 2, 1, o, 2, 1, 0, 2, 1, 0, 2,1, 0, . 


For 


complex Cdlo : 


0 , 1 , 0 , 2 , 0 , 1 , 0 , 2 , 0 , 1 , 0 , 
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Designating as before the occurrence of similarly 
p anes above and below a chosen plane by H and of 
ently placed planes by C, the foregoing sequences 

For simple Cdl 2 (IV, cl) : H, H, H, H, H, H, H, . . . , 


oriented 

dif fer- 
gi ve: 


IV c 


For CdCl 2 (IV,c2): 


C, C, C, C, C, C, C, C, C, 


For complex Cdl 2 (IV, c3) : H, C, H, C, H, C, H,. 

The last arrangement, IV,c3, is thus the simplest possible 
mixture of cubic and hexagonal close packings of the X 
atoms. Their sequence is the same as that of the carbon 
atoms in modification III of SiC. Perhaps further work 

bring to light other more complicated mixed packings. 

The metallic hydroxy-halides appear to provide compli¬ 
cated systems of solid solutions and compounds which have 
phases involving structures with the foregoing packings. 

already stated Cd(OK)Cl has the complex Cdl 2 arrange¬ 
ment (IV, c3). The corresponding Ni(OH)Cl and the basic 
Cd(OH)i. 25 C1 0 . 7 e have the CdCl 2 structure (IV, c2) . The 
nickel phase between Ivi (OK) i. B Xo . e and Hi (OK) i. 7 eXo . 2 6 , 
and the corresponding cobalt substance, seem to be hydrated 
and to have low symmetry. At Hi(OH) 1 . 76 Cl 0 . 26 , which may 
still be hydrated, a new hexagonal structure appears with 
a o = 3.05 A., c 0 = 24.0 A. The similar cadmium salt, 

Cd(OR)i. 7B C1 0 . 26 , is anhydrous with the simple Cd(OH) 2 ar¬ 
rangement (IV, cl); for Cd (OH) i . 7 4. Cl 0 . 2S , a D = 3. 53 A. , 
c o ~ 5.03 A., for pure Cd(0H ) 2 these dimensions have 
shrunk to a 0 = 3. 49 A. , c Q = 4. 69 A. 

(IV,c4). The compounds HiBr 2 and CdBr 2 appear to form 
irregularly mixed close-packings. Preparations crystal¬ 
lized from solution or ground from, the melt have given 
extraordinarily simple diffraction patterns which can be 
interpreted in terms of very small hexagonal cells con¬ 
taining onlv 1/3 of a molecule RX 2 . 


For CdBr 2 : 


ao ~ 


2. 30 A. , 


Co = 


C. 23 A. , 


For HiBr 2 : a o - 2.11 A., cd - 6.08 A. 


Chap . 
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IV c 


The reflections from these fractional cells are in fact 
those common to the Cd (OH) 2 and CdCl 2 structures. A simi¬ 
larly simple pattern for metallic cobalt has been inter¬ 
preted as due to an irregular repetition of the cubic and 
hexagonal close-packings. In this metal some broad lines 
were also present indicating a preference for one packing; 
they have not been observed in these bromides. 

A similar incomplete structure is said to be formed 
when divalent metallic hydroxides, such as Cd(OH) 2 , are 

PAD 1 H 1 \r T'o ^ n + n 4- ^ ... J _ ^ t t ^ . * 


—uaiS u.cn as UQ 2 > arc 

rapidly precipitated with excess of alkali. If these 
structures are thrown down from pure solutions they are un 
stable and quickly pass over into a fully crystalline fonn 
ut t ey are stabilized by the presence of sugars and 
o er impurities. For the most part their only x-ray dif- 
ac 10 ns have indices (hk.O) though weak basal reflec- 
« sor71e ^^ rnes be seen. The values of a Q calculated 

e^b . h °r refl ^ ctions that appear are about C. 1 A. short- 

exarrmlp ° i. n ^ e corn Pl e ted Cdl 2 — like arrangement. For 
thf^no ° 1 f ° r Gr y s talline Cd(0H) 2 is 3.49 A. while with 

the incomplete form it is 3 . 36 A. 

a structure* that^ in° U i SuLftde ' Ti 2 S, would appear to have 
ine-. 1 + bao k n yolves a complicated form of mixed psc 

unit contain- een . given the surprisingly large rhombohedra 

staining nine molecules and having the dimensions: 


13. 61 A. , cc = 


The 

with 


h the e p^ecedin^ d °t Unit COrres P on ding to those employed 

preceding structures has 


aJL = 


12. 20 A. , C& = 18. 17 A 


-- , 10 . X ( 

arrangemenrof t the S p7 hat - 1 ° f the Cd(OH) a -like bases. The 

to approximate on mol ecules in this cell has been saia 

C 3 * (R3) in tv, e W1 th all atoms in general positions 

e hexagonal cell these coordinates are: 

/l \ 


(b) 


y> x-y, z; y-x, x, z; Rh 


Ch ap. Iv> text page 14 


IV. COMPOUNDS RX 



with the six sets of thallium and three 

ameters collected in Table IV,8. This 

sents a relatively slight distortion of 
grouping. 


sets of sulfur par 
layer structure pre 
the simple Cd(0H) 2 


IV c 


(IV,cf). The compound aluminum boride, A1B 2 , and the 
several others isomorphous with it (Table IV, 9) have a 
structure that is formally analogous to that of Cd(0H) 2 . 
The atoms in it Sg unimolecular cell are in the same special 
positions of Dad (as already stated under IV, cl) : 


Al: (a) 00C, 


B: (d) 1 /3. z /z, u; Z /z, 1 /3, u 


but in this arrangement u is ^ instead of This differ¬ 

ent parameter results in a grouping of alternate layers of 
aluminum and boron atoms normal to the c-axis, each alumi¬ 
num atom having 12 equidistant boron neighbors at 2.37 A., 
six in the plane above and six in the plane below (Figure* 
IV,9). In the boron planes each atom is surrounded by an 
equilateral triangle of atoms with B—B = 1.73 A. 

(IV,c7). Molybdenite, MoS 2 , and probably WS 2 , are the 
only examples of a six-fold coordinated layer structure in 
which the coordination is not octahedral. These crystals 
are hexagonal with the elongated bi-molecular units: 


For MoS 2 : a D = 3. 15 A. , 


For WS 2 


a 


o 


= 3. 18 A. , 


o = 12. 30 A. 
o = 12.5 A. 


Atoms 
(C6/mmc): 


are in the followin£ special positions of De^ 4 


R: (c) ± (fa, z /3, V4) 

S: (f) ±( 1 /Z, 2 /fe,u; z /3, X /Z, u+^/z) 

with u = 0.629 for MoS 2 and presumably ca 5/8 for WS 2 (Fig 
ure IV,10). The sulfur atoms about the metallic atom are 
at the corners of right equilateral trigonal prisms which 
share vertical edges with one another to build up RS 2 lay¬ 
ers normal to the c-axis. This prismatic distribution of 
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LOW SYMMETRY PACKED STRUCTURES 


whoseTaw l nUmb6r ° f ^ structures of lower symmetry 
hose X atoms are more or less close-packed. Some of Y 

? h r + V rS a ? Sr Structures > others are not, depending on 

atoms oVtT llC at °^ S are interlea ved among the other 
! ? f , he compound. When this packing is sufficiently 

whenH bhe . coord1na * 1on of the metallic atoms is six-fold- 
when there is a considerable distortion of the packing the 

?ion°tendr/T eUlarly distributed ab °ut R and coordina- 
uion tends to lose precise meaning. 

The largest group of these low symmetry close-packed 
structures is orthorhombic with four molecules in the unit 

tpbnm)^ atorns in the following special positions of Vfc ie 

±(uv?; £-u, v+£, i) . 

These crystals do not all have similar axial ratios, axial 
orientations and atomic parameters and therefore do not 
constitute a single structural type. But diaspore and 
goethite have the same arrangement, and PbCl 2 is typical 
of several halides with the same crystal structure. The 
unit cells of all these orthorhombic compounds with axial 
sequences chosen to give the foregoing coordinates are col¬ 
lected in Table IV,10. 

(IV,dl). In the mineral diaspore , A10(0E), the oxygen 
atoms are in an almost perfect hexagonal close-packing. 

The parameters of the atoms in its unit prism are listed in 
Table IV, 11. In this arrangement (Figure IV, ll) each alum¬ 
inum atom has six octahedrally distributed oxygen neigh¬ 
bors with A1—0 separations between 1.92 A. and 2.27 A. 

The nearest approach of oxygen atoms to one another is 
2. 50 A. 


Other packed-oxygen structures have cells of similar 
dimensions. Thus except that it is twice as tall along 

the c-direction, the unit of chrysoberyl, BeAl 2 0.4., is al- 
most identical with that of diaspore. 


chjp. IV, text page 17 


wyckoff: crystal structures 


IV d 


The formula of diaspore was commonly written Al.jO 3 .H 2 O 
but infra-red and other data indicate that water molecules 
ere not present as such and that A10 (OH) better represents 
its composition. Existing x-ray data do not identify the 
oxygen atom that is part of the hydroxyl group. 

The corresponding mineral goethite, FeO(OH) , has atomic 
parameters close to those of diaspore (Table IV,ll) • 

(IV,d2) . The mineral manganite, MnO (OH) , does not ap- 

I pear to have the diaspore structure though a close rela¬ 
tionship obviously exists between the two arrangements. ^ 
All the strong reflections of MnO (OH) fit a cell with a 0 
and Cq near the corresponding dimensions for diaspore but 
with b o half as great. Faint reflections have, however, 
been described which call for a larger eight-molecule unit 

with the dimensions: 


- 8 . 84 A. , b Q = 5 . 23 A. , 


o = 5.74 A 


It seems probable that the oxygen atoms are in the same 
hexagonal close-packing as in diaspore but that the larg 
cell results from a different distribution of the mangan¬ 
ese atoms in its interstices. An arrangement has also 
been described, based on the small cell, which is a dis¬ 
tortion of the Sn0 2 structure (IV, bl) ; but if the extr 
ines pointing to the larger unit are really due to 
ite then of course this arrangement cannot be correc 

w . +h ^ V, 5 3 ^ : . Several salts of divalent metals is°m°rpb° u 
with Lead chloride, PbCl 2 , are, as their cell dimensi ^ 

atorrio e ’ ° nly formally like the diaspore st ructure. 

memhi pa J amete rs of PbCl 2 , Pb (OH) Cl and PbBr 2 , the ° s 

have h S ° f thlS series f or which complete determine 

have been made, are given in Table IV, 11. 

P(W T ^ is stl *ucture (Figure IV, 12) can be thought of aS 
th: S p de a^ ly dis *°rted close-backing of halogen ***** 

1 NH 4 CdCl a 1 6 resem hlances to those of PbFCl ( ’ 
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C ?!T":°°r 11 "“ i0 ". i” thes « crystals is hard to 


define. In PbCl 2 for 
two chlorine atoms at 
3. 05 A. , 3. 08 A. , and 
Several of the Cl—Cl 


example each lead atom has about it 
2.67 A., one each at 2.88 A., 
then two each at 3.13 A. and 3.29 A. 
_ separations are much shorter than 

ionic radii, varying between 3.20 A. and 

' . ' Pd(OH)Cl each lead atom is surrounded by five 

chlorine and four OH groups at the distances Pb—Cl = 

3.23 A. and Pb —OH = 2.67 A. and 2.93 A. 


IVd 


(IV,d4). Crystals of strontium bromide. SrBr 2 , have £ 
different atomic arrangement (Figure IV,13) . Its unit 
cell is of another shape (Table IV,10) and the assigned 
atomic parameters are totally different (Table IV, ll) . 

In it, as in the PbCl 2 -like compounds, metallic coordina¬ 
tion is indefinite, each strontium atom having one bromine 
neighbor at 3.16 A., two at 3.21 A., one at 3.32 A., an¬ 
other at 3.44 A. and the next at 4. 8C A. 


(IV,d5). Hydrides of the alkaline earths have units 
(Table IV, 10) that are smaller but of the same general 
shape as those of PbCl 2 . The metallic atoms, like all 
the atoms in these crystals, are in (c) of Vp 10 ; they are 
in a nearly perfect hexagonal close-packing (with b Q as 
the pseudohexagonal c-axis). Parameters have been deter¬ 
mined for the strontium atoms in SrH 2 (Table IV,10). The 
positions stated for the hydrogen atoms—u(Hl) = 0.430, 
v (Hi) = -0.240, u(H2) = 0.742, v (H2) = 0.004—cannot of 
course be confirmed by the x-ray data. 
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The orthorhombic mercuric halides provide a group of 
crystals with units (Table IV,10) similarly shaped though 
their atomic arrangements are not all alike. 

(IV, d6) . Mercuric chloride, HgCl 2 , differs from all 
the preceding crystals with structures based on (c) of 
V h in both its cell dimensions (Table IV, 10) and the par¬ 
ameters of its atoms (Table IV, ll) . The sheets of HgCl 2 
molecules in it (Figure IV, 14) are stacked one above an¬ 
other along the c-axis in such a way that the nearest chlor 
ine atoms are only 3.35 A. apart. These separations are 
considerably less than the sums of the ionic radii. With¬ 
in a HgCl 2 molecule the two Hg—Cl distances are 2.23 A. 
and 2.27 A. 


(IV, d7) . 

iodide have un 
HgCl 2 (Table IV 

W 

The atoms of the 


Mercuric bromide and the yellow form of the 

that of 


lowing special positions of C 2V 12 (Bm2b) 

(a)000uv; 0,u+^,v; u, v+-^; 


uan&idcxory parameters_ 

iodide but for the bromide 

u(Brl) = 0.132, v(Brl) = 0 
0.389. 



not been published 

U(Hg) = C, v(Hg) = 0 
056, u(Br2) = 0. 



for the 

334, 
v(Br2) • 


^ s is a layer-like assembly (Figure IV, 15) rese d 
e C I 2 and CdCl 2 structures. As in these other x 

rrangements metal atoms are octahedrally surrounded y 

n Ut mer cury in these salts has two especially c 

neighbors with Hg_ B r = 2 . 48 A. The nearest Br-Br d£ 

is not far. + S um of ionic ra moder - 


w- j. u ai r 

tance of 3 . 74 A. 


rn\_ , . * ^ 0 iar 

The bromine atoms alone are 
ate distortion of the mixed 
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UV, d 8 ). The mixed halide phase. He (fl ^ , - . 

proportion.. e ::e 8 u:rir::o en ^™s\ P a% r S ra s\ t ^LrL a L a :o°T i0 


(a) 


xyz; ^-x, y+^, z; x,£-y, z+£; x+^,y,£-z 


This space group is a sub-group of 
found for Hg(Cl,Br) as listed in 
arrangement which resembles but is 

tion of that of HgCl £ . 


Vh ^ and the parameters 
Table IV, 12, yield an 
a considerable distor- 


i } Y l d9 l‘ A second modification of FeO(OH) , the miner 
1 Le 'f )xdochr osxte, is orthorhombic with a unit whose c-di- 
mension is almost identical with that of the alpha form 
goethite (IV,dl). Its other axes are different, however 
and its structure is based on a different space group 
v h (Bbmm) . The four molecules in its unit: 


a o = 12.4 A., b Q = 3.87 A., 
are in the special positions 


= 3. 06 A. 


(c) ±(u^0; u 

Atomic parameters are u(Fe) = -0.178, u(0) = 0.21 
u(OH) = 0.425. The significant interatomic distances are 
Fe—0 = 1.94, - 2.13 A., Fe—OH = 2.05 A., Fe—Fe = 2.88 A. 
0—0 = 0 —Off = 2.80 A., OH—OH = 2.70 A. This structure 
(Figure IV, 16) is built up of well-defined layers parallel 
to the (lOO) face, each layer being made up of octahedra 
surrounding iron atoms and linked together by sharing cor¬ 
ners. The octahedra are nearly regular and have four cor¬ 
ners occupied by oxygen atoms and two by hydroxyl groups. 

It is related to the FeOCl and PbFCl arrangements about to 

be described. 

The gamma modification of A10(0H), boemite, appears to 
have the same structure though its atomic parameters have 
not yet been determined. 
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(IV, dlO) . The layer structure given the orthorhombic 
ferric oxychloride, FeOCl, is developed from the unusual 
space group V^ 1 3 (Pmmn) . Its bimolecular cell has the di 
mens ions: 


a Q = 3. 75 A. , 6 0 = 3. 3 A. , 


= 7.65 A. 


Atoms are in the following special positions 


(b) 

O^u; 

-gOu, 

with u ~ 0.097 

(a) 

00 v; 


with v = 0.305 

(a) 

with 

V = 

-0.083. 


As is immediately obvious from Figure IV, 17 this arrange¬ 
ment is an orthorhombic distortion of the tetragonal PbFCl 
structure that follows. The significant atomic separa¬ 
tions in it are Fe—Cl = 2.29 A., Fe — 0 = 1.88 A. and 

2.15 A., 0—0 = 2.80 A., Cl—Cl = 3.90 A., 0—Cl = 2.98 A. 
and 3.02 A. 


(IV,dll). The 
fLuochloride, PbFCl, is 
stances (Table IV,13). 
has atoms in the follow 


—-__ structure of lead 

also shown by several other su 

containing two molecules, 
of D*h (P4/nmm) : 


Its unit, 
ing positions 


F: 

(a) 

000; 

hho 

Cl: 

(c) 

c^u; 

1 ?Ou 

Pb: 

(c) 

with 

u = 


with u - 0. 65 


- —d o orris ax al s „ gj a. i 

The halogen separations are Cl Cl ' c \os e 
. and Cl—F = 3.24 A., all of which ar 


p cp a I our fluorine atoms at t 

a ^id 3.21 & A. i ^_ C ^ 1 ? rine atorns at distance 

F —F = 2.89 A _ 

uVlVlTlll ^nxt radM? arrangement ^ 

for P T th6y are in the double 

layer of chlorinS a toms ther al ° ne th ® C ~ a * ±S 7 
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TETRAHEDRAL STRUCTURES 


(IV,el). Red mercuric iodide, Hgl 2 , in contrast to 
the yellow form discussed above (IV, d7) appears to be a 
strictly ionic compound with its iodide ions in an almost 
perfect cubic close-packing. It (Figure IV , 19) differs 
from the structures thus far discussed in having a metal¬ 
lic coordination of only four. Its symmetry is tetragons 
with the dimolecular unit: 

a o = 4.356 A., c Q = 12.34 A. 


Atoms are in the following 
(P4/nrr<c) : 


special positions of D 4 .i 1 


1 s 


H € : (a) OCC; £££ 

I: ( d ) t?Ou; C,i,u+~j?; 0,£-u 


f 2 . 78 A.; th 


W1 , u Each mercury atom is tetrahedrally sur- 

rouri e y four iodine atoms at a distance of 2.78 A. » ^ 

nearest approaches of iodine atoms to one another are 
* * and C 6 A. Cubic close—packing of the iodine 

atoms would be perfect is c/a were 2.828 instead of 2.84. 
1 u 0.125 instead of the observed C.14. 
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-° th f r COrp P° unds ^ crystallize with struc- 
of theirs C 6 ® f °ur-fold tetrahedral coordination 

, atoms and differ in the way these RX 4 tetra- 

hedra are linked together. Often butnot alway^ a »rea- 

son for this low coordination can be found in the small 

TsToZ ValUS ° f the radlUS rati ° *•» -to™ considered 


Ihe crystalline forms of silica are the largest group 
of these tetrahedral structures. Each of the three modi- 
ications appearing m nature - quartz, cristobalite and 
ridymite has low and high temperature modifications 
and structures have been determined for five of these .* 

(IV,e2) . High temperature, or beta, quartz is hexa- 
gonal with a urit prism having 


a 


o 


- 5. Cl A., c Q - 5.47 A. at ca CCG°C. 


Its space groug is one or the other of the enant iomorphic 

pair D e or D 8 and the atoms of its three molecules are 
in the following special positions (choosing D s 4 (C6 2 2)) : 

1 /S, 1 /fe, x /5; }2. C, 0; 0, ^2, 2 /3 

u ’ u, 5 /q; u,u, 5 /6; u, 2u, X /2- t u,2u , ]/2; 2u,u, x /6; 2u,u,V6 


Si : 

(c) 

0: 

(j ) 

with 

u 


0—0 = 2 . eo A. 


This gives Si—0 = 1.62 A. and the nearest 

- Adjacent Si0 4 tetrahedra (Figure 1^,20) in 

this and all the other forms of silica are joined to one 
another by sharing a corner, i.e. by having a single oxygen 
atom in common. 


The atomic arrangements in high quartz and in low 
quartz are so closely alike that when a single crystal of 
low quartz is cautiously heated above 575°C. it gradually 
and without violence changes into a single crystal of the 
high temperature form, the symmetry at the same time pass* 
ing from three-fold to six-fold. 
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(IV, e3) . 
molecules and 
dimensions as 


The unit of Low quartz also contains three 
has, as already indicated, nearly the same 
beta-quartz: 

a o = 4.903 A., c 0 = 5.393 A. 


Its atoms are arranged 
antiomorphic pair of 
tions (of D 3 4 (C3 i2)): 


(Figure IV,21) according to the en 
e groups D 3 and D 3 in the posi 


Si : 


u,u,V3; uOO; 0, u, ^ 
x yz*» y-x, x, z+^5; y, x-y, z' 

x ~y»y»z; y, X, %-z; x, y-x, x /z~z. 


A Fourier analysis based on especially 
the parameters u = 0.465, x = C. 415; y 
accurate to C.003. The tetrahedron of 
icon atom is almost regular with Si—0 
its two silicon neighbors each oxygen 
gens at distances ranging between 2.60 


good data has led to 
= 0.272, z = C. 120, 
oxygen about a sil" 

= 1. 61 A. Besides 

has six adjacent oxy- 

A. and 2.67 A. 


... Tde solu hle form of Ge0 2 is the only other crystal 

with this structure. For it: 

a o = 4.972 A., c 0 = 5.648 A. 
curate parameters have not been determined. 

SiO The hi 8 h temperature form of tridymiU, 

oxvcen + ex ® gonal but with a distribution of its si lC 
Its 8 l aW o r r unT+ ra differen ^ from that found in quartz. 

r unit prism has 


a ° 5.03 A., c 0 - 8.22 A. above 200°C. 


and contains 

tions of the 


four molecules in the following speci 
olohedral space group Da (ce/mmc) : 


i- 


*p. 
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Si: 

(f) 

± ( 1 /z, 2 /z, u; 

Vs. 

Vs. u+ Vs) 

with u = 

0: 

(c) 

± ( V^. %, Vo 




0: 

(g) 

Vs, QV 2 ; o, Vs 

. V*s 

; V^. ^2, 0; 

Vs.0,0; 0 


In this structure (Figure IV, 22) 
tetrahedra are parallel to the c 
high-quartz two-fold axes of the 
principal crystallographic axis. 
1.52 A. and the nearest 0—0 = 2 


0, V2, 0; 1 /S, 1 /z, Vs 


three-fold axes of the 
axis of the crystal; in 
tetrahedra are along the 
In h igh-tri dyrni te Si — 0 
57 A. 


Tridymite has two transitions below 20G o C. The inter¬ 
mediate form and low-tridymite are probably related in 
structure and are both orthorhombic. Their structures are 
unknown though a very complex cell containing 64 molecules 
has been suggested for low-tridymite. 


(IV,e5) . high-c ristobaLite, Si0 2 , is cubic with an 
eight-molecule unit having 


a 


o 


= 7. 1C A. at 29C°C. 


In the original determination of atomic positions atoms 
were put (Figure IV, 2?) in the following special positions 

of (V (Fd3m) : 

Si: (8f) 00C; V4.V4.V4; F. C. 

0: (ieb) 1 /b, Vs. ^6; ^.V3.^6; Vs. Vs. 1 /fe; f. c. 

It has since been reported that faint lines can be found 
which are not compatible with so simple an arrangement; 
they are thought to show that the atoms are somewhat re¬ 
moved from these highly symmetrical positions. Based on 
the tetrahedral space group T 4 (P2i3) the new determina¬ 
tion places the eight silicon and four of the oxygen atoms 
in three sets of 


(4f) uuu; u+75,i—u,u; ^-u, u, u+-g; u, u+-£, -£-u 


1 


1 _ 


1 1 
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with u(Si,l) = 0.255, u(Si,2) = -0.008, u (0) = 0.125 
other twelve oxygen atoms are in general positions 


The 


xyz; 

x+ i5,i5-y, z; 

y + ^»^-z, x; 

z + ^,i-x, y; 

yzx; 

*> y + i, i-z; 

y» 

z, x+^,^-y; 

zxy; 

i~x, y, z^; 

i~ y, z, x+^; 

15“ z, x, y+^ 


X . y 0.66, z = 0.06. If the faint lines belong to 
g cristobalite then the correct structure is such a dis- 
+ ^ ou £h a quantitative study of intensities may al- 

q -_ n P arame ters. In this arrangement the nearest 

distances are between 1.58 A. and 1.69 A. (Figure IV, 


that nf ° f . BeF2 apparently have a 

ported to X f Cristobalit a- The diffr 
in Alvin * SOrrewhat diffuse and the 

tetragonal with eight-molecul 


structure similar to 
ion lines are re¬ 
sults are accord¬ 
cell is described as 


a 


o = 6. 60 


o 


= 6. 74 A. 


?u™Lh! 0 he hlgh-cristobalit 

Chapter VIII. h coni P oun ds as BP0«, 


considered in 


below 1 ca S 200°p The form . of LOUJ cri stobati te , Si0 2 , stable 

pseudocubic and ° r: '‘Sinally thought to be orthorhombic 

™try has beer proposed^ ? rran ? emer ’ t ° n suoh S ^- 

ever, makes it t + A m ore probable structure, bo 

having ragonal pseudocubic with a unit prism 


o - 


4. 96 A. , 


= 6. 92 A. 


The four molecules in + v 
iowing positions of n Cel1 - 

enantiorr.orphic D 8 - * ^- p 4 1 2 1 ), o 


been assigned the 

their equivalents m 


ap. 
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(IV,e7). The structure of ice, H 2 0, is related to 
that of tridymite. The unit cells are of similar shape 
and the oxygen atoms in ice have the same coordinates as 
the silicon atoms in high-tridymite (iy, e4). For ice 

a ° = 4.5135 A., c q — 7.3521 A. at 0°C. and 


a ° - 4.5085 A., c Q = 7.338 A. 


at -ee°c. 


In a determination made at -20°C. , u for oxygen in De h* 

is ca 7/16. Since the hydrogen positions cannot be 
deduced from x-ray observations they offer no test of the 
speculative complete structures that have been published. 


The ° el1 dimensions of heavy ice, D 2 0, 
different from those of ice* 


are very little 


4.5165 A., c 0 = 7.3537 A. at 0°C. and 


a o - 4.5055 A., c 0 = 7. 


338 A. 


„ 6 ^° es n °t have a low temperatu 

r ^ d m ° difiCati0nS are ^abLized 

made of t l L ° W tem P<^ature x-ray 

made of two, both of which are appare: 

aa S iened^o i ?t P has d0heXae ° nal - The 6 

a ° 7.80 A., b n = 4 .- rh a 


at -66°C. 

e form but high 

at the temperature 

studies have been 

tly orthorhombic. 


agonal. The eight-molecule cell 


been I ’g?ven n ?r ient based on V ° < 

given the positions: 

( C ) 'X'lrrr • — 


4. 50 A, 9 c 0 = 5* 56 A. 


C222i) oxygen atoms have 


y, z+£; 


x, y, l£- z ; 


^»y-^,z, x+^,^- y>z; ^ x ,^-y, z+^; £-x 9 y+hf£~ 


w ^th x - Q ] fn __ r* 

the hydrogen atom \°‘ 2 ° 5 ’ Z = 0.178. Exact pos it ionS n _ 
not of course be n h J V6 been su £gested but X-ray data 

se to discuss them. 
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ixj« ^r^r^r * 10 unit assigned in 


a ° 10.20 A., " 5.87 A., c Q = 7.17 A. 

are^n ^1"?^” described f°r this crystal oxygen atoms 

the following general positions of V^ 20 . 


(k) ± (xyz; xyz; x, y, z+-^; x, y, z+Jy) ; 


(ibam): 


B. C. , 


2 th f C ' 12e ’ y 0.218, z 0.0625. Hydrogen positions 
Have also been suggested for this modification. 

( IV ’ e8 ^ * . Cr y stals of zinc hydroxide, Zn (OH) 2 , are or¬ 
thorhombic with four molecules in a cell of the dimensions 


a o = 8. 53 A. , b Q = 5. 16 A. , 


= 4.92 A. 


All atoms are in general positions of V 4 (P2i2i2i) 


(a) xyz; £-x, y, z+£; x+^-y, z; x, 


y + l5, i-z 


with the parameters of Table IV,14. This tetrahedral 
structure (Figure IV,26) differs from the several forms 
of silica in that its metallic atom is so big that the sur 
rounding X atoms are not in contact. The significant atom' 
ic separations are Zn—OH = 1.95 A., OH—OH = 2.83 A. in 
the same and 3.06 A—3.08 A. in adjacent tetrahedra. 


(IV,e9). Crystals of germanium disulfide, GeS 2 , fur¬ 
nish an example of an especially complicated assembly of 
tetrahedra linked together by sharing corners. The 
symmetry is orthorhombic with a very large unit containing 
24 molecules and having the dimensions 

a o = 11.66 A., b 0 ~ 22.34 A., c 0 = 6.86 A. 

-An atomic arrangement (Figure IV, 27) based on the face 
centered space group C^ 10 (Fdd) has been described. This 
places eight germanium atoms in special positions (a) and 
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LINEARLY COORDINATED STRUCTURES 

structure of the type RX* has high sym- 

TtlZ ^ 1 SS th r coordination of its metal 

atoms. The two molecules per unit cube of this cuprite, 

Cu 2 0, arrangement (Figure IV,28) have atoms in the posi- 
tions: F 


IV f 


R: (2a) 000; 


X: 


(4d) 


in . 

444 y 


111 


3 3 

4 4 


A. 3 13. X 3 3 

4 y 4 4 4 y 4 4 4 


The crystals with this structure, of which Cu 2 0 is typical, 
are listed in Table IV, If. In Cu 2 0 each metallic atom has 
only two close oxygen neighbors while each oxygen atom is 
surrounded by a tetrahedron of copper atoms. The R—X sep 
arations are about equal to the sums of the neutral radii 
(Table 111,13) but the character of the atomic bonding 
that prevails is not clear. 

The same positions given the atoms in Zn(CN) 2 and 
Cd(CN) 2 result in an "anti-cuprite" structure for each of 
these crystals. In them the metallic coordination is of 
course four-fold. It is considered that the carbon and 
nitrogen atoms are in positions fixed by symmetry, that is 
there are "non-rotating" CN ions. The atomic positions, 
based on Td* (P43m), then are: 


Zn (or Cd) 


(a) 000 


and (b) £££ 


C and N each: (4a) uuu; uuu; uuu; uuu. 

The corresponding Hg(CN) 2 has lower symmetry. Its 
tetragonal unit containing eight molecules has the dimen 

s ions 


ao - 9. 61 A. , co ~ 8. 92 A. 


Mercury atoms have been put in (d) of Vd 


1 2 


(I42d) : 


u, V*. 1 /fe; f4, u, u, ^4, X /Q; x /4. u, 7 /b; B. C 
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21. With u - -5 the mercury atoms would_ be 
red in a pseudo-unit having a' Q = 9.61//2 = 6.80 

4. 96 A. This is smaller than the corresponding 
red cells of the zinc and cadmium salts. 


Though cyanide positions 
mined, they have been assigned 
suits are not yet available in 


not originally deter- 
in a recent paper whose re 
this country. 


( V, f 2 ) . Originally it was thought that 
err.perature forms of Ag 2 S and Ag 2 Se also had 

structure with units of the dimensions: 


the high 

the cuprite 


High Ag 2 S 

High Ag 2 Se 


_ 4 .88 A. at ca 250°C. , 
= 4.983 A. at ca 250°C. 


"^lluride of silver and the high temperature forms of 
Vi » 2 Cu 2 Se also are cubic but they were supposed to 

_,7 S fluorite structure (IV, al) , their four-molecular 

cubes having the edge lengths: 


High Ag 2 Te 

High 
High 


a 


a 


a 


= e. 


at ca 250°C. 


~ 5. 564 A. at ca 170°C. 


o~ 5. 840 A. 


ca 


170 


these about ten years ago it was concluded that 

the mpt=iu- e atomic distributions were incorrect and h 


consid 
noints 


the ^^^riDuxions were mcorrec 

ered as iiiS at ° mS in a11 these crystals are to 
of more coirm?^ ardly distributed among a few of r ; . 

space ground lc ^’ te d special positions of the appropria 
seems needed*t A fUrther study of reflection intensiti 

needed to establish such structures. 

hav e A been m der atl;l K eS below their inversions these cry ^H 
as monoclinic^Tm f d ’ SOITle times as orthorhombic, some 
ever, S£y ( bl ° IV ’ 25) . An adequate study has, how 

105°C. is hilt made ° f CU2S * Pure Cu 2 S above about 

nexarmnni . i , _ e that 

though a cubic phase such a - 
preceding paragraph does occur w 


to 


in the 


text 
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™t. e th rt: °' ««■ »f .Ulfur are pres- 


has: 


The hexagonal, high Cu s S containing t w0 nheculL 


Its 


a o = 3. 89 A. , c c 
space group is Da^ (H6mcm) 


= 6. 68 A. 


n i _ C °° line this structure inverts to one which is 
orthorhombic, pseudohexagonal and bears a super-lattice 

relation to high Cu 2 S. The very large unit of this low 
lorm has: 


a 


- 11.90 A., bo = 27.28 A., c D = 13.41 A., 


these axial lengths being roughly three, four and two times 
the lengths of the orthohexagonal axes of high Cu 2 S. The 


space group assigned to low Cu 2 S is C 2 v 
positions have not been determined. 


(Ab2m) . Atomic 


IV f 


(IV,f3). The structures given the two forms of AuTe 2 
show linear coordination. The simpler of these is the 
monoclinic, pseudo-orthorhombic calaverite. Its dimole- 
cular unit has the dimensions: 


a 


7.18 A., b Q = 4.40 A. , c 0 = 5.07 A. , 0 = 90°. 


Atoms have been placed in the following special positions 

of C 2 H 3 (c2/m) : 


Au: 


(a) 000; jth® 


Te: (i) uOv; uOv; u+£,^,v; ^-u,£,v 

with u = 0.69, v = 0.29. The arrangement that results 
(Figure IV, 29) is an assemblage of linear AuTe 2 molecules 
in which the Au—Te separation is 2. 67 A. The nearest ap¬ 
proach of tellurium atoms to one another is 3.77 A. 
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miscellaneous structures 


as — *« »ot to be classified 

in terms of their atomic coo°h•• they read ily described 

cZTelTl CtU Z S ’ ° rTh * ““ ^p”«-iy 

like arraneementsTrR^to^andX pMrs*"^- " 

ari d calcium carbide C& C ~-r>^ * J^rite, Fe o 2 , 

suifiHpo Q ,0’ Cac *’ are examples. Several other 

fides, arsenides and phosphides have arrangements that 
m some measure resemble that of pyrite. g 3t 

gl) # Calcium carbide pofu cmA + -u~ 
morphous with it are NaCl-likL A« tJ h d ‘s 

re and rare earths, silicides of molybdenum and tungsten 

and peroxides of both alkalis and alkaline earths havf 

structure of this type. The units are tetragonal and con- 

tain two molecules; dimensions are those of Table IV, 18 

The atoms are m the following special positions of D 4h 17 
(I4/mmm) : 4i: 1 


R: (a) 000; 


1 1_1 

rp2 


X: (e) CCu; OOu; B. C. 

Determinations of u have not been made for most of these 
crystals but for CaC 2 it is 0.38 and for K0 2 it is 0.345. 

The diagonal tetramolecular pseudo-unit of this group¬ 
ing (Figure IV, 30) is pseudocubic; it is this that shows 
best the resemblance between _this structure and the NaCl 

arrangement. For CaC 2 a<J = V2a 0 = 5.48 A., c 0 ' = c Q = 
c.37 A. With u = 0.38 the significant Ca—C distances 
would be 2.48 A. and 2.83 A.; the C—C separation within a 
C 2 group would be the improbably large 1.53 A. 

(IV, g2) . Pyrite, FeS 2 , has a similar structure which 
can also be considered as an NaCl grouping of iron atoms 
and S 2 pairs. In this case, however, there is no devia¬ 
tion from cubic symmetry. The four molecules in its unit 

cube (Figure IV, 31) are in special positions of Ty, 6 
(Pa3) : n 
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R: (4b) OOO; O^b 


i. n 


X: (8h) ±(uuu; u*Hg,-jg-u, u; u, u-Hg, -jg-u; -jg-u, u, u-^g) 

with a value of u (0. 386) that distributes dumb-bell sh 
S 2 pairs around 'bbb and the other three nositions of ( 


As Table IV,19 indicates this structure applies to a 
number of disulfides, diselenides and ditellurides and to 
several diphosphides, diarsenides and diantimonides. Ex¬ 
cept for the manganese compounds and AuSb 2 , their metallic 
atoms all belong to the eighth column of the periodic 
table. Where the parameter has been determined it has 
such a value that X—X is about equal to the sum of the 
neutral atomic radii (S—S in FeS 2 - 2.14 A., Fe— S = 

2.26 A. ) , which is of course not surprising since it has 
beer used as the empirical basis for such a series of 
radii. Ihe metal—metalloid separations, too, correspon 

such "neutral" atoms except in MnS 2 where Mn—S is more 
nearly the sum of 


Mn—S is more 


and by 


shown 


CcAsS 


to 


....• , , trie Pynte arrangement only to the 

q ed by the unlikeness of the two X atoms. 

lngly tetartohedral with all atoms in 


The s ynmi 


(4f) uuu; u+-g,-^-u,u; u, u+-g>-^-u; ^-u,u,u + :g 


of T* 

mined 
not v 


(PSi3) Accurate parameters have 

U „ U Probably around zero 

ry far from 0.4 and 0.6. 


not been deter- 
and u(X) and u(X 


reseibie e plrit^ r ^ StalS ° f solidified C0 2 and Nz ° 

same sneciai ln fhey are cubic with atom n ing 

the oxygen ^ P °®! tions of T h ® . The parameter u defi£ H,0, 

is, .see *>£!;»• in co - ° r the ” itrogen a :°r- 

0.11, and this, lly different. Thus in C0 2 , * 

which should in a structure (Figure I ^ c o 2 , 


Ch 
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atoms?’ m ° leCUleE with centers In their carbon, 


or oxygen, 


Crystalline H 2 S and H 2 Se, and the corresponding deu 

co "’P° u " <is P=S and D s Se, are cubic wi?h suWur and 
selenium atoms in this face centered array. Hence though 

s?iJdined°?r 0t ^ ^ hydrogen atoms th^e 

liaified gases have essentially the saire crystal struc¬ 
ture as CO 2 (Table IV, 20) . ^ 
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There are a number of sulfides and other compounds RXa 
involving non-rare gas shell atoms which do not crystal¬ 
lize with the pyrite arrangement. These do not resemble 
structures thus far described. Several, like Fe 2 As, have 
many of the characteristics of intermetallic structures; 
others like marcasite have the comparatively open arrange¬ 
ments not uncommon amongst sulfides. Still others, Ag 2 S 
for example, have been assigned structures in which an ex¬ 
treme degree of disorder is supposed to prevail. 



(IV,hi). There has 
ture of the second modi 
mineral marcasite. Most 
on the isomorphous FeAs 2 
unit with the dimensions 
reflections have in the p 
call for a tetramolecular 
ever, adopts the smaller 

atomic arrangement based 


een much discussion of the struc- 

cation of FeS 2 , the orthorhombic 

of the data on this crystal, and 
and FeSb 2 , point to a dimolecular 
listed in Table IV, 21 but faint 
ast been described which seem to 
cell. The latest study, how- 
unit and selects the following 
on Vh 


1 2 


nnm 



in 



(a) OOO; 

(g) ± (uvO; -s-u,v+^,^) 

= °*? 00 and v = 0.378. In this structure, which is 

ara-M ^ OIT1 being close-packed (Figure IV, 33), the atomic s 

Tn m«° nS are bbose to be expected from "neutral" radi • 
b or . a + a j lbe ’ ^ or exarT 1 Ple, each iron atom has three nei 
each l n J 1StanCeS ° f Fe ~ S = 2-250 A. and 2.231 A. and 

Ur atom has another sulfur 2 .210A. away. 


The isomorphous minerals 

’ EeShfL have structures 

• -■ 


7 ncive siructur 

site. Originally suppo 

apparently is monoclini 
molecules but larger c 


(lV,h* 2 ). 
and gudmundi w 

that of marca 

'the symmetry 
contains four mo 

the . angles 6 do not 

• Is ha 
e of ma 


ars 



inese eight-molecule ce 

PProximately twice tho 



enopyrit e t 
that are related 

to be orthorhomb 

- simplest ceh 

be chosen 

90° 


r from -- 

with ai and 


ions 
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For FeAsS: 
For FeSbS: 

In the structure 
all atoms are in 

the coordinates: 


a£ 

9. 15 A. 

10.04 


bA 


Co 


5. 65 A 
5. 93 


6. 42 
6 . 68 


90 

90' 


that has been developed (Figure IV, 34) 
general positions of C 2h ^ (BO./d) with 


(e) 


±(xyz; i-x, y+i,^-z; 


x+ ^» y* z+ i; |-x,y+^,|- z ) 


Table IV PpJh- Parameters have the values of 

torted octahedron of three sulfur and three arsenic atoms 

m whxch Fe S = 2.23 A. and 2.27 A., and Fe-As = 2 32 A 

and 2.37 A. One sulfur and one arsenic atom approach as* 

ear as 2.30 A. to one another; the nearest As-As or 51 
distances are 3.15 A. 
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The three other types of structure that iron and re¬ 
lated metals form with trivalent metalloids have the com¬ 
position R 2 X. Atomic arrangements assigned these "anti" 
compounds are as follows. 


(IV,h3). The tetra 
Fe 2 As(Tafcle IV,23) have 
are in the following sp 



crystals isomorphous with 
dimolecular units. Their atoms 
ecial positions of D4h ? (P4/nmm) 


Fe (l) : 

(a) 

000; 

ishP 

Fe(2) : 

(c) 

O^u; 

^Cu, 

As 

(c) 

with 

u (As) 


with u(Fe) - C. 33 



The parameters of the atoms in other c 
structure are stated in the table. 



s with this 


In this arrangement (Figure IV, 35) . as in intermetalli 

compounds, chemically like atoms are as near together as 

are the unlike. In the typical case of Fe 2 As each I© 

atom has 12 neighbors - four arsenic at 2. 40 A. , four 

Fe (2) at 2.39 A., and four Fe (l) at 2.57 A.; e 

has nine neighbors - four arsenic at 2.60 A., one 

at 2.41 A. and four Fe (l) at 2.39 A.; each arsenic has 

nine neighbors also - five iron atoms at 2.40 A. and 
at 2. 60 A. 


each Fe (2) 


(IV,h4). The borides of iron, nickel and cobalt hav 
the same structure as CuA1 2 . This strictly intexmetaXA 

arrangement is tetragonal with unit prisms of the dlIT1 ® 

sions of Table IV, 24. Atoms in its tetrarr.olecula[ 8 un 
(l4/m Ut ) i- n € special positions of Da h 


Cu: 


Al: 


CCi; 00f; B. C. 

U » u+ S»0; u,-g-u,0; u+-^, u, 0; ^-u, u,0, 
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The values of u chosen for each of 
those of the table. In the typical 
ure IV,36) each iron atom has four 
2.18 A. and an iron atom at 2.40 A. 
two boron neighbors at 2.12 A. 


these crystals are 
example of Fe 2 B (Fig 
boron neighbors at 
Each boron atom has 


The hexagonal structures possessed by Fe 2 
hi 2 P and Mn 2 P have the trimolecular urits of Table IV 2 
The atomic arrangement, based on the space group D 3 2 (C 32) 
leads to two kinds of iron and two of phosphorus atoms: 

Fe(l) : ( e ) uOO; OuC; GuO 

Fe (2) : (f) vQj; 0v^>; vvg 

P (1) : (b) CQg 

P (2) : (d) ]/3, z /3 f w; z /3, fa, w 

with u = -0.026, v = 0. 40 and w = ca 1/8. The atomic co¬ 
ordinations of this arrangement (Figure IV,37) are compli¬ 
cated: Fe(l) atoms have four phosphorus neighbors at ca 

2.27 A. and eight iror atoms at 2. 63' A. ; Fe ( 2 ) has two 
phosphorus at 2.19 A., one at 2.34 A. and six iron atoms 
at 2.63 A.; the P(l) atom has nine iron atoms at 2.32 A. 
and P(2) atoms have six iron atoms at ca 2.21 A. 
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There are three known RX 2 compounds which have pro¬ 
nounced chain-like structures. These are Se0 2 * PdCl 2 


2 • 


oxide 


(IV, il) . The arrangerr.ent described for selenium di - 

> , contains endless strings of the composition 


0 

Se 


Its symmetry is given a 
unit having: 


tet 


al with an eight-molecule 


“o = 8.353 A. t 

Atoms have been put in three 
EUh (P4/mbc) : 


= 5.051 A. 


s of special positions of 


Se: (h) 

u = 

0(1) : (g) 

w = 


± (uvC; vu£; u-h^-v, 0; v+i, u+£, h) » wlth 
0.133* v = 0.207 


±(w,w+^,i; w,w-H^,f; w+^,w,^; w 

0. 358 


+4,w,f) with 


0(2):(h) with u = 0.425, v = 0.320. 

The Se0 2 strings extending parallel to one another a* d 

v aXis Can a ^ so imagined as flat SeOg pyram tojnS 

■I . f ‘ ave se lenium atoms at the apices and oxyg erl ra _ 
king them to one another (Figure IV, 38) . These W le 

Se^m 7 e ; rl y Aguiar, the Se—0 (2) being 1.75 A « 

12 o^r thG °-° operation is 2. 70 A. which xs ^ 

sum. of the ionic radii. 
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PdCls corpora tes^atomiP P™ palladous chLortde, 

molecular unii " ° rthorh °^ic with a hi- 


a 


o 


3.81 A. , b o = 11 . o A. , 


c o = 3. 34 A. 


Tf Vn”°(pZ): trUCtUre at ° ms are in the speoial positi 


ons 


Pd: (b) CO^; 

C1? (e) ±(uvO; u+i,i-v,i) 

Danal’ °'a 73 ? nd V * ai3S - Here (F ‘e ure f V, 39) each 
palladium atom has about it four chlorine atoms approxi- 

lately at the corners of a square (ZC1—Pd—Cl = 87°) . 

TV/o of these chlorine atorrs are shared by the square above 
and two by the square below. These indefinitely extended 
lines of linked squares have their axes parallel to the 
c-axis of the crystal and are so turned with respect to 
one another that adjacent lines approach most closely 
through chlorine contacts. Within chains Pd—Cl = 2 ^1 A 
and Cl—Cl = 3.18 A. and 3. 34 A. 


(IV, 13) . The structure given the conspicuously fibrous 
silicon disulfide , SiS 2 , also consists of extended chains 
of atoms but in this crystal the X atoms are tetrahedrally 
distributed about central JR atoms. The symmetry is ortho¬ 
rhombic with four molecules in a unit of the dimensions* 


a 


9* 55 A. y bo 5. 65 A# y Cq 5* 54 A# 


Atoms are in the following special positions of Vft 
(Ibam) : 


2 a 


Si : 


S: 


00^; 00|; B. C. 

±(uvO; uv^); B.C 
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with u = 0.117 and v = 0.21 

are somewhat distorted, sha 
atoms) with a neighbor on e 
linked chains of tetrahedra 
to one another and to the c 
distances in the shared edg 
lengths of the other edges 
at ion is 2.14 A. The neare 
chains, through sulfur atom 


217. Adjacent tetrahedra, which 
hare an edge (i.e., two sulfur 
either side. The resulting 
ra (Figure IV, 40) extend parallel 
c-axis of the crystal. The S—S 
dges are 3.24 A. and 3.58 A., the 
s being 3. 62 A. The Si—S separ- 

rest approach of neighboring 

oms, is 3.75 A. 


IV J 


(IV, jl). Nitric oxide, N 2 0*, is cubic with a very 
large unit containing six molecules and having 

a Q = 7 . 77 a.. at the temperature of liquid air. 

The more probable of the two structures that have been^ 

V, Q <= i+a a + oms in the following positions 


The more 
proposed 

(123) : 

N: 


probable of the two structures 
has its atoms in the following 


(12b) ± (ugO; 0u£; gOu); B. C. with u 0.1 


0 : 


(f) 


with x = 0 . 
essentially 

N— 0 = 1.19 


xyz; 

xyz; 

xyz; 

yzx; 

yzx; 

yzx; 

zxy; 

zxy; 

zxy; 


zxy; 


2, y = 0. 13, z “ 

planar molecules 

A. 


0 . 50 . 

with N 


B. C. 

These parameters 

-N - 1-56 A ' a ” 


yie 


Id 
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TABLE IV,1. CRYSTALS OF THE COMPOSITION RX 2 


Crystal 

Type 

Tabl e 

Paragraph 

LI terati 

Ag 2 F 

Cd (OH) 2 

IV, 6 

IV, cl 

I 

AgMgAs 

C a F 2 

2 

al 

1941, N&S 

Ag 2 0 

Cu 2 0 

16 

f 1 

I 

Ag 2 S(low) 

— 

26 

12 

II: 19 xq - p 

(acanthite) 

Ag 2 S ( hi gh) 

— 

— 

12 

II; 1936, R 

A g 2 Se(high) 

— 

— 

12 

19 36, R 

Ag 2 Te (low) 

— 

— 

12 

11; 1839,K 

Ag 2 Te (hi gh) 

— 

— 

12 

1936, R 

aib 2 

A1B 2 

9 

C 6 

19 35, H &d; 193 

ce-A10 (OH) 

(d1aspo re) 

— 

10 

dl 

I; II; 1941, H; 
1942, H; 1945, 0 

/3~A10 (OH) 

— 

26 

— 

1935, W&M; 1938 

Y-AIO (OH) 

— 

10 

d9 

1936, G 

(boemlte) 

Au A1 2 

C aF 2 

2 

al 

11 

Au Ga 2 

Ca F 2 

2 

al 

1937, Z, H&H 

Auln 2 

C a F 2 

2 

al 

1937, Z, H&H 

AuSb 2 

FeS 2 

19 

g2 

I. II 

Au Te 2 

— 

— — 

14 

1936, T&K 

(krennerlte) 

AuTe 2 

— 

— 

13 

19 35, T&K 

(calaverlte) 

BaBr 2 

— — 

10 

d4 

1939, D&K 

Bac 2 

C a C 2 

18 

gl 

I 

B a C1 2 

— 

10 

d3 

1939,D&K 

BaF 2 

C a F 2 

2 

al 

1 ; 11 

BaH 2 

— 

10 

d5 

1935,Z&H 

B a I 2 

— 

10 

d3 

1939, D&K 

Ba0 2 

C a C 2 

18 

gl 

1936, B, D, K, R&W 

B e 2 c 

C a F 2 

2 

al 

I 

Be f 2 

— 

— 

e5 

II 

BlOBr 

PbFCl 

13 

dll 

1935, B&H; 194 1, \ 

BIO Cl 

PbFCl 

13 

dll 

1935, B&H; 1941, J 


Chap. IV, table page 1 


WYCKOFF: CRYSTAL STRUCTURES 


TABLE IV, 1. 


Crystal 


Typ e 


Table Paragraph 


LI terature 


BIO(OH,Cl) 

(daub re e1te) 
BIOI 


C a F 2 

( fluorl te) 
C a G ag 
CaH 2 
C a 1 2 
C aO 2 

Ca(OH) 2 


Cb 2 N 
CbO 2 
CdBr 2 

Cd(ON )2 

CdCl 2 
Cd(OH)Cl 

CdF 2 
Cdl 2 

Cd (OH) 2 
CdP 2 

CeC 2 

Ce0a 2 

C G 0 2 
CoAsS 

C 02 B 

CoB r 2 
Co Cl 2 


PbFCl 

13 

dll 

PbFCl 

13 

dll 

CO 2 

20 

g4 

— 

26 

— 

— 

26 

— 

C 2L Cl 2 

— 

b2 

C 3. C 2 

18 

gl 

CaCl 2 

— 

b2 

C a F 2 

2 

a 1 

A1B 2 

9 

c 6 

— 

10 

d5 

Cd (OH) 2 

6 

cl 

C a C 2 

18 

gl 

Cd (OH) 2 

6 

c 1 

_ — 

26 

— 

sn0 2 

3 

bl 

CdCl 2 

7 

C2, C4 

CU 2 0 

16 

fl 

CdCl 2 

7 

C2 

Cdl 2 

— 

C3 

CaF 2 

2 

al 

— 

6 

c 1, c3 

Cd(OH) 2 

6 

c 1 


26 

— 


19 35, B&H 


1936, B&H; 1941, S 



I; II; 1939, Z&UJ 
1940, C 

1943,L 
1035, Z&H 

II 

1041, K&R 

I; 19 33, T,' 1935' B ' 

C&C 
1940, B 

n; 1942, p;H,k^ 
1945,S&Z 

I; 1941, P &T 
II; 1937, F&O 

1 . p. s, B&Z’ 

1; 11; 1 941 ' p ' 

1942,H,K&L 

j; 1938, F 
1935, S&P 


1943, L 
j; 1939, 
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Crys tal 

Type 

Table 

Paragraph 

Llterature 

Co f 2 

Sn o 2 

3 

bl 

I 

Col 2 

Cd (OH) 2 

6 

c 1 

I 

Co (OH) 2 

Cd(OH )2 

6 

cl 

I; 1936, L&F; 

Co S 2 

Fe S 2 

19 

g2 

1938, F 

I; 1940, L&W 

C O S G 2 

Fe S 2 

19 

g2 

1938, T; 1940, L &E 

a- Co Te 2 

Cd (OH) 2 

6 

cl 

1938,T 

CoTe 2 

Fe As 2 

21 

hi 

1938,T 

Cr 2 As 

F e 2 A s 

23 

h3 

• 

1938,N&A 

Cr0 2 

Sn0 2 

3 

bl 

1943, M&B 

Cs 2 0 

Cd Cl 2 

7 

C 2 

1939,H&K 

CsO 2 

Ca C 2 

18 

gl 

1938, H; 1939, H&K 

Cu A1 2 

CuAl 2 

24 

h4 

I 

CuAsS 

— 

26 

• • 

1939,W&H 

(lautlte) 

CuCdSb 

C 3- F 2 

2 

al 

1942, N 

Cu f 2 

C 21 F 2 

2 

a 1 

11 

CuMgBl 

CaF 2 

2 

al 

1941, N&S 

CuMgSb 

C a F 2 

2 

al 

1941, N&S 

Cu 2 0 

Cu 2 0 

1 6 

f 1 

i; 11 

Cu 2 S (low) 

— 

26 

f 2 

II; 1944, B&B 

Cu 2 S( high) 

— 

— 

f 2 

I; 1935, K; 1936, R; 

Cu 2 Sb 

Fe 2 As 

23 

h3 

1944, B&B 

I; 1935, E, H&W 

Cu 2 Se (hi gh) 

— 

— 

f 2 

I; 1936, P 

d 2 0 

— — 

— 

e 7 

1934, M 

d 2 s 

CO 2 

— 

g 4 

1942, V&O 

D 2 Se 

C0 2 

— — 

g4 

1942, V&O 

EUC1 2 

P b Cl 2 

10 

d3 

1939,D&K 

Eu F 2 

Ca F 2 

2 

a 1 

1938, B&N; 1939, D&K 

Fe 2 As 

Fe 2 As 

23 

h3 

I; 1935, E, H&W 

Fe As 2 

Fe As 2 

21 

hi 

1 ; 11 

FeAsS 

FeAsS 

— — 

h2 

I; 1936, B 

( arsenop y- 
rlte) 

Ee 2 B 

Al 2 Cu 

24 

h4 

1 ; ll; 1933 , b 


Chap . 

IV, tabl 

e page 3 



wyckoff: crystal structures 


TABLE IV,1. (4) 


Crystal 


Typ e 


Table Paragraph 


Li terature 


Fe Br 2 

Fe Cl 2 

Fe f 2 

Fe I 2 
Fe (OH) 2 

a- FeO(OH) 
(goethlte) 
3-FeO(OK) 
Y- FeO(OH) 
(lepldo- 


Cd (OH) 2 
Cd Cl 2 
Sn 0 2 
Cd(OH )2 
Cd(OH )2 


10 


26 

10 


Cl 

c2 

bl 

cl 

cl 

dl 


H 2 o (I) 

H 2 0 (I I) 
H 2 0(III) 


d9 


1935, 0; 1941, H 

1935# W&M; 1930# KAN 
1935# E; G 


chroslte) 

FeO Cl 

— 

10 

dlO 

II; 1935, G 

Fe 2 P 

Fe 2 P 

25 

h5 

I 

FeP 2 

FeAs 2 

21 

hi 

II 

Fe S 2 

Fe S 2 

19 

g2 

i; ii 

(pyrite) 

Fe S 2 

(marcaslte) 

Fe As 2 

21 

hi 

I; II; 1937, b; 
1942, N 

Fe Sb 2 

Fe As 2 

21 

hi 

I 

Fe SbS 

( gudmundlte) 

Fe As S 

— — 

h2 

1936, B; 1930, 
1939, B 

Fe S e 2 

Fe As 2 

21 

hi 

1938, T 

Fe Te 2 

Fe As 2 

21 

hi 

1938, T 

G e I 2 

Cd (OH) 2 

6 

cl 

1938, 

Ge 0 2 

SnO 2 

3 

bl 

II 

(lnsoluble) 

G e 0 2 

— 

— 

e 3 

I 

( soluble) 

G e S 2 

— 

— 

e9 

1934,J*w; 1936 
1940, I 


e 7 


e7 
e 7 


i •• 11 : 1 

1934, m; 10 35 ' d 

1936. HF 
1936. MF 
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IV. COMPOUNDS RX 2 


TABLE IV,1. (5) 


Crystal 

Type 

T 3bl e 

CO 

<N 

X 

CO 2 

20 

H 2 S 6 

CO 2 

20 

H f 0 2 

C 3. F 2 

2 

HgBr 2 

— — 

10 

a-Hg(Br, Cl) 2 

— — 

10 

3—Hg ( Br, Cl) 2 

— 

10 

Hg( CN) 2 

— — 

_ 

H gCl 2 

— 

10 

Hg F 2 

C 3. F 2 

2 

Hgl 2 

— 

10 

( yellow) 



Hgl 2 ( red) 

— 

— — 

In Cl 2 

— _ 

26 

I r 0 2 

SnO 2 

3 

I r 2 p 

C 3 F 2 

2 

KHC 2 

C 3. C 2 

18 

K 2 0 

C 3. F 2 

2 

K0 2 

C 3. C 2 

18 

k 2 s 

C 3. F 2 

2 

K 2 Se 

C a. F 2 

2 

K 2 Te 

C 3 . F 2 

2 

L ac 2 

C 3 C 2 

18 

L a 0 a 2 

A1B 2 

9 

LaOBr 

PbFCl 

13 

LaO Cl 

Pb FC1 

13 

L aO F 

C3F 2 

2 

L ao I 

PbFCl 

13 

L 1 2 0 

C3F 2 

2 

L 1 2 S 

C 3 F 2 

2 

L1 2 S e 

C3F 2 

2 

Ll 2 Te 

C3F 2 

2 



Paragraph Literature 


g4 

i; 11 

g4 

1 ; 11 

31 

1 

d7 

11 

d8 

1941, S&B 

d8 

1941, S&B 

t 1 

I; 1945, Z&S 

d6 

1 ; 11 

3 1 

11 

d7 

11 

e 1 

1 

— 

1936, A, H&T 

bl 

I 

3 1 

1940,Z 

gl 

I 

3 1 

I I 

gl 

1936, K&K; 1937, K&K 
1938, H; 1939, H&K 

3 1 

I I 

3 1 

I I 

3 1 

I I 

gl 

I 

c 6 

1943, L 

dll 

1941, S&N 

dll 

1941,S&N 

3 1 

1941, K&K 

dll 

1941, S&N 

3 1 

1 ; II 

3 1 

1 ; 11 

3 1 

11 

3 1 

11 
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WYCKOFF: CRYSTAL STRUCTURES 


TABLE IV,1. 


Crystal 

Typ e 

Tabl e 

P aragraph 


M gB r 2 

Cd (OH) 2 

6 

cl 

I 

M g Cl 2 

CdCl 2 

7 

c2 

I 

MgF 2 

Sn0 2 

3 

bl 

I 

M g 2 Ge 

CaF 2 

2 

al 

II 

Mgl 2 

Cd(OH )2 

6 

c 1 

II 

Mg (OH) 2 

Cd (OH) 2 

6 

cl 

I 

Mg 2 Pb 

CaF 2 

2 

al 

1; 11 

Mg 2 Sl 

CaF 2 

2 

al 

1 

Mg 2 Sn 

Ca F 2 

2 

al 

1; n 

MnB r 2 

Cd (OH) 2 

6 

cl 

1 

MnCl 2 

CdCl 2 

7 

c 2 

1 

MnF 2 

SnO 2 

3 

bl 

1 

Mnl 2 

Cd(OH )2 

8 

c 1 

1 

Mn0 2 

SnO 2 

3 

bl 

1 

Mn (OH) 2 

Cd(OH )2 

6 

c 1 

1 

MnO (OH) 

— 

— 

dl 

1935, 

(manganlte) 

Mn 2 P 

Fe 2 P 

25 

h5 

1937, 

MnS 2 

FeS 2 

19 

g2 

1; 1 1; 

hauerlte) 

Mn 2 Sb 

Fe 2 As 

23 

hZ 

1936# 

MnTe 2 

Fe S 2 

19 

g2 

I 

Mo 2 C 

— 

26 

— — 

II 

MO0 2 

Sn0 2 

3 

bl 

I 

M 0 S 2 

MoS 2 

— 

c7 

I 

Mo SI 2 

CaC 2 

18 

gl 

I 


LI terature 


n 2 o 

NO 2 

Na 2 AU 

NaHC 2 

Na 2 0 

N a 2 S 
Na 2 Se 
Na 2 Te 


CO 


20 


A1 2 Cu 

CaC 2 
Ca f 2 

Ca F 2 
CaF 2 
CaF 2 


i; ii 

ii ii 

1937, H 
1934, Z, H&D 


Chap. 
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IV. COMPOUNDS RX 2 


TABLE IV,1. (7) 


Crystal 

Type 

Table 

Paragraph 

Lite rature 

N dC 2 

Cac 2 

18 

gl 

I; II 

N1 A s 2 
/ - 

FeAs 2 

21 

hi 

1939, P 


(rammels- 
be rglte) 


N 1 A S 2 

(para- ram- 
melsberglte) 


26 


1939, P 

N1 AsS 

F e S 2 

19 

g3 

I 

ni 2 b 

A1 2 Cu 

24 

h4 

1933, B 

N1 B r 2 

Cd Cl 2 

7 

C2, C 4 

I I 

N 1 Cl 2 

CdCl 2 

7 

C2 

I 

N1 F 2 

SnO 2 

3 

b 1 

I 

N1I 2 

CdCl 2 

7 

c2 

11 

N 1 (OH) 2 

Cd (OH) 2 

6 

c 1 

I; II; 1936, L&F 

N1 2 P 

Fe 2 P 

25 

h5 

1938,N&H 

N1 S 2 

F e S 2 

19 

g2 

I 

N1SPS 

F e S 2 

10 

g3 

I 

N1 Se 2 

Fe S 2 

19 

g2 

1938, T 

N1 Te 2 

Cd(OH) 2 

6 

c 1 

1938, T 

0 s0 2 

Sn0 2 

3 

bl 

I 

0 sS 2 

F e S 2 

19 

g2 

is ii 

OsSe 2 

Fe S 2 

19 

g2 

I 

OsTe 2 

Fe S 2 

19 

g2 

I 

PbBr 2 

PbCl 2 

10 

d3 

I; II; 1939, D&K 

P bCl 2 

Pb Cl 2 

10 

d3 

I; Ils 1939, D&K; 
1942, S&S 

PbCl (OH) 

(laurlonl te) 

PbCl 2 

10 

d3 

1937, G; 1939, G; 
1940,B 

«-PbF 2 

PbCl 2 

10 

d3 

II 

P b f 2 

CaF 2 

2 

al 

I; II 

PbFBr 

PbFCl 

13 

dll 

II 

PbFCl 

PbFCl 

13 

dll 

II 

Pbl 2 

Cd (OH) 2 

6 

c 1 

I 

PbO 2 

SnO 2 

3 

bl 

is ii 
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WYCKOFF: CRYSTAL STRUCTURES 


TABLE IV,1. (8) 


Crystal 


Typ e 


Table Paragraph 


LI terature 


P b 2 0 

Cu 2 o 

16 

r 1 

I 

Pb(OH) 2 

— 

26 

— 

1937, F&T 

P dAS 2 

Fe S 2 

19 

g2 

I 

PdCl 2 

- - 

— 

hZ 

1938, W 

P dF 2 

Sn0 2 

3 

bl 

II 

P dSb 2 

Fe S 2 

19 

g2 

I 

P dTe 2 

Cd(OH) 2 

6 

c 1 

I 

P rC 2 

C a C 2 

18 

gl 

1 ; 11 

Pro 2 

C a F 2 

2 

al 

1 

P t ai 2 

C a F 2 

2 

al 

19 37, Z, H&H 

P t as 2 

Fe S 2 

19 

g2 

1 ; 11 

( sp erryl1te) 

P t B 1 2 

F6 S 2 

19 

g2 

1943, W 

P t G&2 

C 2L F 2 

2 

al 

1937, Z, H&H 

Ptln 2 

Ca F 2 

2 

al 

1937, Z, H&H 

P tP 2 

F6 S 2 

19 

g2 

I 

P ts 2 

Cd (OH) 2 

6 

c 1 

I 

P tSb 2 

Fg S 2 

19 

g2 

I 

P tSe 2 

Cd (OH) 2 

6 

cl 

I 

P tSn 2 

C a F 2 

2 

al 

1943, W 

P tTe 2 

Cd(OH) 2 

6 

c 1 

I 

Ra P 2 

C a F 2 

2 

al 

1936, S 

1938, h; 10 39 

Rb0 2 

C a C 2 

18 

gl 

Rb 2 0 

C a F 2 

2 

al 

1939,H&K 

Rb 2 S 

C a F 2 

2 

al 

1930, H 

Rh 2 P 

C a F 2 

2 

al 

1940, Z 

Rh 2 S 

Fg S 2 

19 

g2 

I 

RuO 2 

SnO 2 

3 

bl 

I 

RuS 2 

F G S 2 

19 

g£ 

1 ; i 1 

(laurl te) 

RuSe 2 

F G S 2 

19 

g2 

I 

RuTe 2 

F G S 2 

19 

g2 

I 


Chap. IV, table page 
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iv. COMPOUNDS RX 


Crys tal 


Type 


Sac 2 CaC 

S eO 2 

S10 2 

(low quartz) 

S10 2 

(high quartz) 

S10 2 

(low crlstohallte) 
S10 2 

(high crlstobal1te) 
S10 2 

(low trldymlte) 

S10 2 

(high trldymlte) 


TABLE IV,1. (9) 

Table Paragraph 


18 


gl 
1 1 
e3 


e2 


e 6 


e5 


e 4 


e4 


SI s 2 

— 

— 

H3 

Sm Cl 2 

PbCl 2 

10 

d3 

SnCl 2 

- — 

26 

— — 

Sn0 2 

(casslterlte) 

Sn 0 2 

3 

bl 

SnS 2 

Cd (OH) 2 

6 

cl 

SrBr 2 

— 

10 

d4 

SrC 2 

CcL C 2 

18 

gl 

Srci 2 

CaF 2 

2 

al 

Sr f 2 

CaF 2 

2 

al 

SrH 2 

_ — 

10 

d5 

Sr0 2 

C a C 2 

18 

gl 

Ta 2 C 

mmm 

26 

_ 

Ta S 2 

— 

26 

— — 

a-Te0 2 

Sn0 2 

3 

b 1 

3~ TeO 2 


— — 

b 4 

ThC 2 

— 

26 

— 

Th0 2 

Ca F 2 

2 

al 


Lite rature 

11 

1937,MC 

I; II; 1935, w; 1937 
B&H; 1939, B, H&P 
I 


11; 1935, B, B&G; N 


I. II; 19 35, B, B&G; 
1937, N 

I 


1935, Z&L; B, F&G 

1939,D&K 

1936, AH&T 
I 


1939, K 

i; II 

I 

I; II; 1937, K&W; 
1938, Z&U 
1935,Z&H 
1935, B, D, K, R&W 

II 

1938, B&K 
I 

1939, I&S 
I 

I 
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wyckoff: crystal structures 


TABLE IV,1. (10) 


Crystal 
( Th, U, Pb) 0 2 

T11 2 

T10 2 

(rutile) 

T10 2 

(brooklte) 

T10 2 

( ana tase) 

Tls 2 
T1 S e 2 
T 1 Te 2 
Tl 2 S 

U0 2 

VB r 2 
Via 
VO 2 

W 2 C 

WO 2 

W 2 P 

ws 2 

wsi 2 

yc 2 

Yb Cl 2 
Yb I 2 

Zn As 2 
Zn(CN) 2 

Zn Cl 2 

Zn f 2 
Zn (OH) 2 


Typ e 


Table Paragraph 


LI terature 


Ca F 2 
Cd (OH) 2 

Sn0 2 


Cd (OH) 2 
Cd (OH) 2 
Cd (OH) 2 


C a p 2 

Cd (OH) 2 

Cd (OH) 2 

Sn0 2 


SnO 


Cac 


Cd (OH) 


Cu 2 0 
Cd Cl 2 
SnO 2 


26 

3 

26 


18 

26 

26 

6 

26 
1 6 


ai 

Cl 
b 1 


b4 


b3 


Cl 

cl 
c 1 

C 5 

al 

cl 
c 1 
bl 


b 1 


C7 

gl 


C 1 


f 1 
cZ 
bl 
e9 


1941, B 
1941,K&G 
I; 1942, S 


I; 1942, S 


1939,K&G 

I; 19 35, S&B 

1941,K&G 
1941,K&G 


1936, H&O 


II 

1939, D&K 
1939,D&K 

1935, S&P 
1941, Z 


I; 11; 1935, M, 

’ t * s“ 1930 ' F 
1936, L&F* 
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IV. COMPOUNDS R X 2 
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IV. 


COMPOUNDS RX 


TABLE IV,2 


CRYSTALS WITH THE CUBIC 
STRUCTURE (IV.al) 


Crystal 


B a F* 2 
C a f 2 
Cd F 2 
Cu F 2 
Eu F 2 


6.18 7 
5.451 
5.40 
5.406 
5.796 


HgF 2 

5. 54 

Pb F 2 

5.942 

Ra F 2 

6.368 

SrCl 2 

7. 00 

Sr f 2 

5. 784 

LaO F 

5. 75 6 

C G 0 2 

5.41 

H f 0 2 

5. 115 

PrO 2 

5. 36 

ThO 2 

5. 59 

UO 2 

5. 47 

( Th, U, Pb) 0 2 

5.539 

ZrO 2 

5.07 

" ANTI- FLUORI TE « 

STRUCTURES 

k 2 o 

6.436 

k 2 s 

7.39 1 

K 2 Se 

7.676 

K 2 Te 

8 . 152 

L1 2 0 

4. 619 

LI 2 S 

5.708 

L 1 2 S G 

6 . 005 

L 1 2 Tg 

6 . 504 

Na 2 0 

6.66 

Na 2 S 

6. 626 

Na s se 

6. 809 

Na 2 Te 

7. 314 

Rb 2 0 

6.74 

Rb 2 S 

7. 66 


fluorite 

a o 

A. 


5. 578 
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WYCKOFF: 


CRYSTAL STRUCTURES 






IV. 


COMPOUNDS RX 


TABLE IV,3. CRYSTALS WITH THE TETRAGONAL SnO 

STRUCTURE (IV.bl) 2 


Crystal 


Co Eg 
Fe F 2 
M g F 2 
Mn F 2 
N1 F 2 
P d F 2 
ZnF 2 

CbO 2 
CrO 2 
G 6 0 2 

I r0 2 
Mn0 2 

hoo 2 

0 SO 2 

P bo 2 

Ru0 2 

Sn0 2 

Te0 2 

T10 2 

(rutile) 

VO 2 
WO 2 


a o 

c o 

U 

4.69 A, 

3. 19 A. 

0. £ 

4. 670 

3.297 

C 

• t 

4. 66 

3. 08 

n 

• «- 

4.8 65 

3.284 


4.7 10 

3.118 

. 3 

4.931 

3.367 


4.715 

3. 13 

. 3 

4.77 

2.9 6 


4. 41 

2.8 6 


4.390 

2. 859 

. 3. 

4. 49 

3.14 

MM _ 

4. 44 

2.89 

— — 

4. 8 6 

2.79 


4.51 

3. 19 

— _ 

4. 931 

3. 367 

MM _ 

4. 51 

3. 11 

- -M 

4.72 

3.16 

. 31 

4. 79 

3.77 

MM - 

4.4923 

2.8930 

. 31 

4.54 

2.88 


4.8 6 

2.77 

___ 
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IV. COMPOUNDS RX 2 


TABLE IV,4. PARAMETERS OF THE ATOMS 

IN BROOKITE, Ti0 2 


Atom 

X 

y 

z 

T1 

0.127 

0.113 

-0.127 

0 (1) 

. 010 

. 155 

. 180 

0 (2) 

• 230 

. 105 

-0.465 


TABLE IV, 5. PARAMETERS OF THE ATOMS 



IN TELLURITE, Te0 2 

- - * — ••- V 

Atom 

* y 

z 

Te 

0 . 027 -0.116 

0.118 

0 (1) 

.240 .235 

“0.022 

0 (2) 

.164 .535 

. 174 
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IV. 


COMPOUNDS RX 


TABLE IV,6 


Crystal 


CoB r 2 
FeBr 2 

MgBr 2 
MnB r 2 

VBr 2 
C a I 2 

Cdl 2 
CoI 2 
Fel 2 
Ge I 2 

Mgl 2 
Mni 2 
Pb I 2 
T1 I 2 

Via 

Ybl 2 

Ca(OH) 2 
Cd (OH) 2 
Co (OH) 2 

Co (OH) i . g BTq . s 


Co (OH) ! 

Fe (OH) 2 


Cl 


CRYSTALS WITH THE HEXAGONAL Cd(OH). 
STRUCTURE (IV,cl) 


2.989 A. 

5.710 A 4 

ca o 

3. 68 

6. 12 


3.7 4 

6. 1 7 

<- 

1 

3.81 

6.26 

1 

3.82 

6. 19 

f 



4 

3.7 68 

6. 180 


4. 48 

6.9 6 

_1 

4. 24 

6.84 


03 

• 

CO 

Oi 

6.65 

1 

4.04 

6.75 

l 

ZL 

4. 13 

6.79 

T 

4 


4. 14 
4.16 
4.54 
4. 110 
4. 000 
4. 48 

3.5844 


3. 

3. 

3. 

3. 

3. 


48 

173 

23 
22 

24 


6.88 
6.82 
6.86 
6.8 20 
6. 670 
6.96 

4. 89 62 
4. 67 
4. 640 
5.91 
5.50 
4. 47 


Mg(OH) 2 

3. 11 

4.74 

Mn (OH) 2 

3. 34 

4. 68 

N1 (OH) 2 

3. 117 

4.595 

N1 (OH) i. 6 Clo. 6 

3. 15 

5.36 

Co Te 2 

3. 784 

5. 403 

N1 T e 2 

3.861 

5.297 

PdTe 2 

4.0 28 

5. 118 

PtS 2 . 

3.537 

5.0 19 

P tSe 2 

3. 724 

5. 062 

PtTe 2 

4. 0 10 

5.20 1 


0.22 
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IV. 




TABLE IV,8 


Atom 


IV. COMPOUNDS RX 


PARAMETERS OF THE ATOMS IN T1 2 S 


T1 (1) 
T1 (2) 
T1 (3) 
T1 (4) 
T1 (5) 
T1 ( 6) 

S( 1) 
S(2) 
S(3) 


0.12 
. 12 
. 12 
. 23 
. 23 
. 23 



0 .20 
. 20 
. 20 
. 09 
. 09 
• 09 


0 


0 


X /3 

^3 


0 

lf 3 

c /3 
0. 152 
. 482 
. 822 

.243 
. 673 
. 913 


TABLE IV,9. CRYSTALS WITH THE HEXAGONAL 

A1B 2 STRUCTURE (IV,c6) 


Crys tal 

a o 

°o 

A1B 2 

3.00 A. 

3. 24 A 

C a G 3. 2 

4.314 

4. 314 

C g G a 2 

4. 303 

4.307 

L a G3- 2 

4.320 

4.396 

ZrB 2 

3. 15 

3. 53 
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IV. COMPOUNDS RX 




IV. 


COMPOUNDS RX 


TABLE IV,13. 


Crystal 

P b FCl 
PbFBr 

B10C1 

BlOBr 

BIOI 

LaO Cl 
L aO B r 
LaO I 

BIO(OH,Cl) 
( daub re 1te) 


CRYSTALS WITH THE TETRAGONAL PbFCl 
ARRANGEMENT (IV,dll) 



a Q 

c o 

u(metal) 


4. 09 A. 

7.21 A. 

0.20 


4. 18 

7.59 

. 195 


3. 883 

7.348 

. 170 


3.9 16 

8.077 

. 154 


3.985 

9.129 

. 132 


4. 109 

6.865 

. 178 


4. 145 

7.359 

.164 


4. 144 

9.126 

. 135 


3.8 5 

7.40 

-- 

TABLE IV,14. PARAMETERS OF 

IN Zn( OH) 2 

THE ATOMS 

Atom 

X 

y 

z 

Zn 

0. 125 

0.100 

0.175 

0(1) 

. 025 

. 430 

. 085 

0(2) 

. 325 

. 125 

. 370 


u(halo gen) 


0. 65 
. 65 

. 646 

. 653 
. 668 

. 635 
. 635 
. 660 


TABLE IV,15 


PARAMETERS OF THE ATOMS 

IN GeS 2 


A tom 

Position 

X 

y 

z 

Ge (1) 

(a) 

0 

0 

0 

Ge (2) 

(b) 

0. 125 

0.139 

0 

S(l) 

(b) 

.022 

.081 

0.183 

S(2) 

(b) 

. 163 

-0.014 

-0. 183 

S(3) 

(b) 

.0 62 

. 125 

-0. 278 
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IV. COMPOUNDS RX 


Crys tal 


TABLE IV,16. CRYSTALS WITH THE CUPRITE 

ARRANGEMENT (IV,f1) 


0 b s e rve d 


Cu 2 0 

Ag 2 0 

P b 2 0 

Cd(CN) 2 
Zn ( CN) 2 


4. 252 


4. 

5. 

6 . 

5. 


72 
38 
3 2 
89 


1.84 A 

2.05 
2. 33 


3.01 A 
3. 35 
3. 80 


3.69 A 
4. 10 
4. 86 


TABLE IV,17. POSITIONS OF THE ATOMS 
IN KRENNERITE, AuTe 2 (IV,h8) 


Atom 

Posltlon 

X 

y 

Z 

Au ( 1) 

(a) 

0 

0 

0 

Au ( 2) 

(c) 

n 

0. 32 

0.0 1 

AU ( 3) 

(d) 

0.12 

. 67 

. 50 

Te (1) 

(c) 


. 03 

. 0 4 

Te (2) 

(c) 

^4 

. 63 

. 04 

Te ( 3) 

(d) 

0 

. 30 

. 04 

Te (4) 

(d) 

0.13 

. 37 

. 50 

Te ( 5) 

(d) 

. 12 

. 9 7 

. 50 
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TABLE IV,18 


Crystal 


CRYSTALS WITH THE TETRAGONAL Ca< 
ARRANGEMENT (IV,gl) 


B a C 2 

CaC 2 

CeC 2 
L a C 2 
Nd C 2 
P rC 2 
S a C 2 
Src 2 

Ba0 2 
Ca0 2 
Cs0 2 
K0 2 
RbO 2 

Sr0 2 

mosi 2 

WS1 2 

khc 2 

UaHC 2 


4.39 A. 

7.04 A 

3.8 7 

6.37 

3.87 

6. 48 

3. 92 

6.55 

3.82 

6.23 

3.85 

6.41 

3. 75 

6.28 

4.11 

6. 68 

5.34 

6.77 

5.01 

5.92 

6.28 

7. 20 

5.70 

6.75 

6.00 

7.03 

5. 02 

6.55 

3. 200 

7.861 

3.212 

7.880 


4.28 
3. 82 


8.42 
ft . 1 7 
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TABLE IV,19. CRYSTALS WITH THE PYRITE 

ARRANGEMENT(IV,g2) 


Crystal 

0-0 

U 

CoS 2 

5.624 A. 


C O S G 2 

5.846 

0.377 

Fe S 2 

5.405 

. 38 6 

(pyrl te) 

MnS 2 

a _ 

6.097 

. 4012 

(hauerlte) 

Mn Te 2 

6. 943 

— — _ 

nis 2 

5.74 


N1 Se 2 

5.948 

_ — _ 

OsS 2 

6.6075 


0 sSe 2 

6.933 


0 sTe 2 

6.369 

— 

RhS 2 

5.574 

_ — _ 

RU S 2 

5.59 

. 39 

(laurlte) 

RuSe 2 

5.921 

— —. _ 

RuTe 2 

6.360 

— 

AuSb 2 

6. 647 


PdAs 2 

5.970 

— — —. 

PdSb 2 

6. 439 

— 

P tP 2 

5. 683 

— 

PtAS 2 

5.95 7 

. 39 

sp erryl 1 te) 

P tSb 2 

6. 428 

— 

P tBl 2 

6. 683 

. 38 

Co AsS 

5. 65 

— 

N1 ASS 

5. 68 

—- 

NISbS 

6. 91 

— 
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TABLE IV,23. 


CRYSTALS WITH THE TETRAGONAL Fe 0 As 
STRUCTURE (IV,h3) 


Crys tal 

a 0 

c o 

z( Fe) 

Z (As, Sb) 

Cr 2 As 

Cu 2 Sb 

Fe 2 As 
Mn 2 Sb 

3. 613 A. 
3.992 

3. 627 

4.08 

6.333 A. 
6.091 

5. 973 

6.56 

0. 33 
. 27 

. 33 

. 27 

-0.265 

-0.30 

-0.265 

-0. 30 


TABLE IV,24. 


Crys tal 


A1 2 Cu 
Co 2 B 

Fe 2 B 
Na 2 Au 
N1 2 B 


CRYSTALS WITH THE TETRAGONAL Al 2 Cu 
STRUCTURE (IV,h4) 


a 


o 


6.04 A 


o 


4. 8 6 A 


5 . 
5 . 
7 . 
4. 


006 

099 

402 

980 


4. 

4. 

5 . 

4. 


212 

240 

511 

236 



TABLE IV,25. 


CRYSTALS WITH THE HEXAGONAL Fe 2 P 
STRUCTURE (IV,h5) 


Crystal 


a 


o 


Fe 2 P 

Mn 2 P 

N1 2 p 


5.852 A 
6.08 
5.85 


3.453 A 
3. 45 
3.36 
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WYCKOFF: CRYSTAL STRUCTURES 
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CD 
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1 

1 
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cd 
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1 
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CO 


CO o 

CO CV2 


lO 
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05 

CO 

LO 
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# 

• 
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co 

o 

05 

C\2 
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lO 


CO I 


o 

C5 


CV2 


CO 


GO 


LO CO ^ 


CV2 


GO GO 
CV2 O- 


LO CO 


x* CQ lO 0> ^ 

GO ao c\2 o GO 05 i> 

^ Ji o CV2 ^ 


<£) CP ^ 

CV3 «> O *0 

* «J *> 80 


>» 

o 

o 

xd 


r —i 

•—i 

C-. 

«-4 

*-4 

e 

r —t 

cd 

cd 

4-3 

a 

c: 

o 

cd 

G 

a 

05 



X3 

a 

o 

o 

E 

,_i 

,—i 

C-. 

o 

bO 

bO 

£ 

o 

o 

o 

bO 

cd 

cd 

o 

o 

X3 

cd 

C-. 

C-< 

CO 

a 

G 

4-3 

X 

4-3 

4-3 


o 

o 

C-. 

<D 

a> 

05 


x: 

x: 

CD 

p=: 

E- 

6-« 


CO 


cd 

d 

X3 

d 



4-3 

bO 

4-3 

bC 



CO 






>* 

C-. 

1 

cd 

o 

i 

CO 

d 

CD 

o 

cd 

O 

CD 

CO 



"—' 


CD 

CD 


bO 

a3 

*-« 


6 r-l g 

s s I 

*-« o ^ 
o wo 

cj cd X3 

is ^ 

^ 05 t* 

o ^ ° 


CO 

C4 


co 

d <*> 

o- 

-o 


ci. 
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X \ 
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14, 3 4 


4> 


Fi g. 
IV, la 


A 


4.% 


^2 


44,% 


B 


Fig. IV, la. The posit ions of the atoms within 
the unit cell of fluorite, CaJ 2 , projected on a 
cube face. Lettered circles refer to the cor¬ 
responding spheres of Figure IV, lb. 
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Fig. 

IV, lb 




E> 


E 


-tig. IV, lb. A perspective packing drawing 

showing the distribution of the atoms of CaF P 
• # ^ 
within the unit cube. Atoms have been given their 

expected ionic sizes. 
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Sn 


.50 


l*lg. 

IV, 2a 


.50 


.50 


a, 


rig. IV,2a. The atomic arrangement in the 
tetragonal unit of Sn0 2 projected on the basal, 

c, face. The small circles represent tin atoms. 
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|Fig. 
IV, 2b 


Fig. IV, 2b. A drawing to show the way the 
atoms of Sn0 2 pack together if they are given their 
expected ionic sizes. The large spheres are the 
oxygen ions. 
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O T, 


Fig. 
IV, 4a 


f— CL S 373 A .—4 


Fig. 

t et 

a-face. 



IV,4a. The positions 
unit of anatase, TiO 
Large circles are the^oxygen atoms. 


of atoms in the 
2 > projected on an 
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’ • V 
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•. 7 


• IV, 4b. A packing drawing, with atoms hav¬ 
ing their ionic sizes, corresponding to the pro¬ 
jection of anatase shown in Figure IV,4a. 
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Fig. IV, 5a. Atoms in the orthorhombic unit 
prism of the brookite 

proj ected on its c-face. 
resent oxygen atoms. 


modification of TiO^, as 
The larger circles rep- 


Chap. IV, illus. page 4 
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X 



Fig. IV,6a. A basal projection of the atomic 
positions within the hexagonal unit prism of the 

Cd(OH) 2 arrangement. Letters refer to the cor¬ 
respondingly marked atoms of Fig. IV, 6b. 
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Fig. IV, 6b. A perspective packing drawing 
of the atomic arrangement in Cd(0H) 2 , which is 
identical with the originally described form of 


Cdlg. In this figure the large and small spheres 


have been given the relative sizes of the I* and 
Cd2 + 


Fig. 
IV, 6a 


Fig. 
IV, 6b 


I, 


i 




ions. 


i 
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K\ 


Fig. 
IV, 7a 



Fig-. IV, 7a. 
rhombohedron of 
the surrounding 
circles) . 


A perspective drawing of the unit 

the Cdd 2 structure with some of 
chlorine atoms (shown as open 






mm 

mm 




n 

/ 


ng. 

IV, 7b 


\ 






V'r\i 


Fig. IV, 7b. Aperspective drawing showing the 
packing of the cadmium and chlorine atoms of Fig. 
ure IV, 7a considered as ions. The chloride ions 
are the larger spheres. 
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Fig. 
IV,8a 

Fig. 
IV, 8b 


(a) 


(b) 



• IV,8e. A basal projection of the atomic 
arrangement in the more complex form of Cdlg, as 

illustrated with the isomorphous Cd(OH)Cl. The 
smallest circles are the cadmium atoms, the largest 
are the chlorine atoms. 


Fig. IV,8b. A diagonal side face (ll*0) pro¬ 
jection of the atomic arrangement in Cd(OH)Cl. 



Fig. 
IV, 8c 



IV,8c. A drawing to show how the atoms 
of Cd(OH)Cl recorded in the projection of Fig¬ 
ure IV, 8b pack if they are assigned their usual 
ionic sizes. The letters identify equivalent atoms 
in each of the three drawings of this structure. 
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(a) 


(b) 


Fig. IV,10a* Projections of the MoSp struc¬ 
ture. The top drawing is a basal projection with 
the hexagonal unit outlined by heavy lines. The 
projection of the atomic contents of one cell on 
aside face is shown below. Large circles are the 
sulfur atoms. 

Fig. IV, 10b. A packing drawing showing a por¬ 
tion of the IwToSg structure viewed from a vert i cal 
plane through the diagonal dot-and-dash line of 
the top drawing of Figure IV, 10a. The large spheres 
are the sulphur atoms. Letters refer to atoms 
similarly designated in the basal projection. 
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Fig. 
IV, 1 


Fig. IV, 15a. The orthorhombic structure of 
HgBrg projected on its crystallographic b-face. 
The axes of description in the text have been so 
chosen that the X, Y and Z axes are along the di¬ 
rections of the b Q , c Q and a c axes of the figure. 
The large circles are the bromine atoms. 



Fig. 
IV, 15b 


IV, 15b. A drawing of HgBr 2 illustrating 
the way the atoms of Figure IV,15a pack together 
if they are assigned their ionic sizes. The large 
spheres are bromine ions. 
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• IV, 18a. A projection on a side, a, face 
of the atomic arrangement in the tetragonal unit 

of PbFCl. The smallest circles are the lead atoms, 
the largest are those of chlorine. 



Fig. IV, 18b. A drawing showing the way atoms 
>f PbFCl pack together if they have their usual 
onic sizes. The largest spheres are the chlorine 
ons, the line shaded small spheres are those 
• f Ph2+_ 
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in and e ah^ V +?i a \ ^ Pr ° jeCti0n0n its base of atoms 
and about the hexagonal unit of high, or beta 

quartz. The large circles are the oxygen atoms! 




► IV, 20b. A drawing of the beta- 
structure showing how the atoms of Figure 
pack together to provide an indefinitely ex 
system of linked tetrahedra. 


quartz 
IV,20a 
tended 
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Fig. 
IV, 2 


r 


a, 


Fig. IV, 23a. A projection on a cube face of 
the posit ions given the atoms in the unit of high, 
beta, cristobalite according to the original as- 
signment of structure. 


•M: 




V.- 


Fig. 
IV, 23b 


A--’ ;.v 


m • • • * . 

V- 


Fig. I"V, 23b. A drawing to show how the silicon 
and oxygen atoms of Figure IV,23a pack together. 
The top-most lajer of oxygen atoms, at -1/8 = 7/8, 
has been omitted so as not to hide underlying de¬ 
tails. 
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Fig. 
IV, 24 


Fig. IV, 24. A cube 
atomic positions in the 

given beta-cristobalite. 

ure IV, 23a. 


face projection of the 
more recent structure 
For comparison with Fig- 


Chap. IV, illus. page 


16 
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Fig. 

IV,26a 


— k'=5.16A 
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Fig. IV,26a. Aprojection of the orthorhombic 
structure of Zn(0H) 2 on its c-face. The small 
circles are the zinc atoms. 
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Fig. 

IV, 26b 
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► IV,26b. A drawing to 
atoms and (OH) groups, consi 
together in Zn (OH) g. The (OH) 
spheres. 


show how the zinc 

as ions, pack 
ions are the large 
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Fig. IV, 28a. A projection on tlie cube face of 
atoms in the unit of Cu g O. The small circles rep¬ 
resent the copper atoms. 
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Fig. IV,28b. A perspective drawing showing 
the packing of the atoms in Cu g O if they are given 
;heirusual relative ionic sizes. Letters identify 
:orresponding atoms in this and in Figure IV, 28a. 


Fig. 
IV, 28a 


Fig. 

IV, 28b 
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Fig. IV, 30a. A side-face projection of the 
atoms in the tetragonal unit of the CaC 2 arrange¬ 
ment. Atoms of calcium are the smaller circles. 



Fig. IV,30b. A drawing to show the way atoms 
may pack in the CaC^ structure. The small spheres 
have the size of calcium ions; the line shaded 
carbon atoms have arbitrarily been given the size 
needed to bring about contact with the calcium 

ions. 
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Fig. 
IV. 3] 


Fig. IV, 21a. A proj ection of the unit of the 
pyrite, F'eSg, structure on a cube face. In this 
case the metallic atoms are represented the 

larger circles. 




IV, 31b. A packing drawing of the atoms 
shown in the preceding projection of the pyrite 
structure. Since the atoms have been given their 
neutral radii, the iron atoms are the larger. 


Fig. 
IV, 31b 
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Fig. 
IV, 33a 
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Fig. IV, 33a. A projection of the structure 
found for marcasite, the orthorhombic form of 
FeSg, on its crystallographic a-face. The crys¬ 
tallographic b Q and c Q axes are the X and Y axes 
of the description used in the text. 
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Fig. 
IV, 33b 
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Fig. IV, 33b. A packing drawing of 
of Figure IV, 33a in which they are given 
of their neutral radii. The iron atoms 
shaded. 


the atoms 
the sizes 
are line- 
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Fig. IV, 36a. The atomic arrangement in the 
tetragonal unit of Fe^B projected on its c-face. 
Large circles represent the iron atoms. The 
origin of coordinates used in the description of 
the text lies at the point ^-,0,3/4 if the origin 
of the drawing is in the lower left-hand corner 
of the cell projection. 



Fig. IV, 36b. A packing drawing to show the 
relation of atoms to one another in the tetra¬ 
gonal structure of Fe^B. Boron atoms are the 
line—shaded spheres. Corresponding atoms are 
lettered the same in this and in Figure IV, 36a. 
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CHAPTER V. 


STRUCTURES OF COMPLEX BINARY COMPOUNDS, R m X n 


A. STRUCTURES OF THE CONFOUNDS R 2 X 3 


Most of the compounds R 2 X 3 (Table VA, l) whose struc¬ 
tures have been determined are oxides of trivalent metals. 
The relative sizes of metal and oxygen atoms, or ions, 
play an especially important role in determining their 
atomic arrangements and this makes it convenient to clas¬ 
sify them on the basis of their radius ratios (Chapter HI, 
bl). As will be seen they fall for the most part into one, 

of three types. 

(V, al). For the largest metal ions, when r(R)/r(0)> 
0.87, the structure is that characteristic of tl 
is hexagonal with a single molecule m the unit pr 3 
with atoms in the following special positions sd 

(C3m): . I 

R : (d) y5, z /3.u; z /z, l /z.v- 

x(l) : (a) 000, and X(2): I 

For this structure the values of u and v are ca 0.23 and 
ca C. 63 respectively. 

Each metal atom, which in the known g), is 

structure (Figure VA, l) i s * va atoms a t ca 2.40 -A 
surrounded by four equidistant oxy^ closest approach of 
and by three more at ca 2.70 • ^ ^ ^ agrees with the 

oxygen atoms to one another, ca • ^. als are ions, 

assumption that the atoms m 

„ „ appear to have the 

Two compounds, Mg 3 Bi 2 ar J^nth’magnesium atoms oc 
"anti" form of this arrangement bisrnu th and antimony 

cupying the X positions and w * llic atoms in the rare 
atoms distributed as are t »e these compounds are 

ssrth oxides. I*t is not c esr 


Va 
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a ionic, but whether their atoms are charged or neutral, 
the radius ratios, r(Bi)/r(Mg) and r(Sb)/r(Mg), exceed 
0.80. 


(V, a2). With smaller metal ions, where r(]R)/r(0) ex¬ 
ceeds ca 0.60 but is less than ca 0.87, compounds commonly 
crystallize with the Tl 2 0 3 arrangement. This smaller size 
of the metal permits the larger oxygen ions to approach 
but not fully achieve a close packing. The symmetry is 
cubic and the oxygen close-packing is nearly perfect ex¬ 
cept for the many positions that are vacant. A large unit 
is required for this deficit packing; it contains 16 mole¬ 
cules and has atoms in the following positions of T 7 
(Ia3) : h 


R(l) : 


(8e) m 


44 » 444 > 4 - 4.4 


B. C. 


R(2) . (24e) ± (uQj; ^uC; Ogu; u-g^; ^u^; ^u) ; B. C 

X : (48e) ±(xyz; x,y,£-z; £-x, y, z; x,-£-y,z; 


zxy; Is—z, x, y; 


r l 


X, y; z,x,^-y; 


yzx; y,£-z,x; y, z,^-x; £-y,z,£); 


E. C. 


The best available parameters 
ite, (Fe,Mn) 2 0 a . For it u = 

2 ~ 0.380. Values have not b 
for other crystals of Table V 


‘s apply to the mineral bixby- 

-0.030, x = 0.385, y = 0.145 

been so accurately determined 
VA, 3. 


pictured as a distortfd^aF^ ^ 1S perhaps m °st easily 

trivalent metal atoms repllle^allT^l (lV ’ al) in which 
fourths of the P ca lcium atoms and three 

— , the by oxyger 


Tiie for 
(Fe, Mn) — o 
oxygen ion; 


going val 

= 2.00 A. 

the close 


ues °f x, y and z yield for bixbyite 

_.°r * e four metal atoms about each 
st 0—0 = 2.51 A. 
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R m x n 


In paragraph V, al it was shown that the compourds of 
magnesium with antimony and bismuth have structures that 
are M anti to the La 2 0 3 arrangement. Compounds of magne¬ 
sium with the lighter fifth column elements - arsenic, 
phosphorus and nitrogen - might therefore be expected’to 
have structures that are "anti" to the T1 2 0 3 grouping. As 
the data of Table VA, 3 indicate, this is the case for them 
and for some of the related compounds of beryllium, cal¬ 
cium and zinc. Though the radius ratios of these sub¬ 
stances are less than those of compounds with the La 2 0 3 
structure they do not all fall within the limits, 0. 60 and 
0.87, that apply to the oxides: only Ca 3 N 2 has an ionic 
ratio between these limits, while Be 3 P 2 , Ca 3 W 2 and Mg 3 hl 2 
have neutral radius ratios less than 0.60. 


(V,a3) . The st 
and its isomorphous 
resemblance to that 
thought to be cubic 
cently it has been 
with the eight-mole 
seer from this tabl 
are very similar in 

arrangement (V, a2) 

following special p 


ructure that has been assigned to Zn 3 P 2 
arsenides and phosphides has a formal 
of T1 2 0 3 . Originally the symmetry was 
with a bimclecular unit but more re¬ 
described as tetragonal, pseudo-cubic, 
cule cells of Table VA, 4. As can be 
e the larger 16—molecule pseudo-cubes 
size to the unit cubes of the TT 2 0 3 
Atoms of Zn 3 P 2f _have been put in the 

ositions of D^h 16 (P4/nmc): 


(c) 

OCu; 

C0u; B. C. 

(d) 

Ogu; 

-p-Ou; B. C. 

(f) 

±(uuO; uuO; ); 

(g) 

Ouv; 

uOv; -g, u +5 


Guv; 

uOv; i,-k~ u 


B. C. 


u+£, £,▼+&; 


positions of each atom and the 
ll 8ted in Table VA, 5. 


V a 
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,.. thls structure (Figure VA, 3) the phosphorus atoms, 
like the oxygen atoms in the T1 2 0 3 arrangement, occupy 

some of the positions of a close packing but there are more 
zinc than thallium atoms and their positions are of course 

J rent % E ? Ch u inC at ° m is surroun ded by a deformed tet- 
Z pT 9 a P hoa P h ° rus a toms with Zn—P between 2.35 A. 
and 2.77 A, each phosphorus atom has six zinc neighbors i 

ted Additf th T r OG ^ ahedrall y nor prismat ically distribu- 
1 0 Additional work comparing this structure with the 

T 1 2 0 s arrangement seems needed. 

rfRj/rfof^ieJT+h sti11 smaller meta l ions which make 
nearer to a °* 6 °’ the ox yg en atoms can approach 

molecules and having the dimensions 

special positions: n 3 ° ms are in following I 


R: (c) 


uuu; uuu; B. C. 


X: (e) -0; vov; Ovv; i-v.v^J, v . 4>i ,^ VI 4) ^ v>vt4 . 

For both FS2O3 and. alnhp»- Ai 

for Fe 2 0 a v - 0.292, for Al'S.’ it il S e 3 S 3 ° h T n 38 105 ' 

estabii8hed o«ei s cS B szsrzi. 


distance of 1.89 ^th a torn has three oxygen atoms at a 

spending metalt oxygen sen^at m ° re 93 A ' S the come- 

and 2.06 A. I n Alja, the^I 8 in Fe2 ° 3 are 1 ' 91 A - 
m the iron oxide it i s 2.55 °—° distance is 2.49 A., 


The arrangement (Figure tja a . 

as a slightly distorted^ovo ^’ 4 1S P r °bably best 
ions with small metal inn g ° nal close packing of 
The packing would be perfecl ^ 6 SOIT,e of the in 

08 55 1? ’ “« « - -ere V« Lj 4? ' *“ 


viewed 


interstice 
instead of 
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(V,a5). The mineral ilmenite, FeTi0 3 , and the other 
compounds isomorphous with it (Table VA, £) have an arrange 
ment that differs from the Cr 2 0 3 grouping only in contain¬ 
ing two dissimilar metal atoms. Since this requires a 

space group of lower symmetry the atoms in its bimolecular 
rhombohedror are in the following positions of C 3 i 2 ( R g) : 


V a 


positions, 
often form 


Fe: 

( c) 

uuu; uuu, 

with 

u (Fe) = 

0. 358 

Ti : 

(c) 

with u(Ti) 

= 0.142 


0 : 

(f) 

±(xyz; zxy 

; yzx) 

, with 

x = 0. 555, 




y = 

0.055, 

2 = 0. 250. 

e expected 

f rom t he 

similarity in 

their atomic 


crystals 


w 


One other type of sequioxide is known which probably 
is based on a close packing of oxygen atoms. The gamma 
form of alumina, obtained by oxidizing aluminum at temper¬ 
atures below ca 1150°C. , gives a diffraction pattern that 
can be interpreted in terms of a cubic cell having a 0 = 
7.90 A. A similar diagram is provided by the so-called 
magnetic ferric oxide. This Y-Fe 2 0 3 , produced by the 
proper oxidation of magnetite, Fe 3 0 4 , has a 0 = 8.30 A. 

Ihese X-ray patterns resemble those furnished by the 
spinels, with which the iron oxide seems to form solid 
solutions. Probably the gamma oxides are like these other 
mixed metallic oxides in being close packed assemblages of 
°xygen ions with metal ions in the interstices. 
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(V,a6). Unlike the foregoing compounds the oxides and 
sulfides of fifth column elements crystallize in arrange¬ 
ments that are more nearly molecular than ionic in charac¬ 
ter. The arsenious oxide, As 2 0 3 , and the form of Sb 2 0 3 
expressed by the mineral senarmontite are completely mole¬ 
cular. Their symmetry is cubic with a unit containing 16 
irolecules. 


For As 2 0 3 , a Q = 11.0457 A., 


For Sb 2 0 3 , a Q = 11.14 A. 


Atoms are 


R 


3 in 

the following special positions of 0 h 

(32b) 

uuu; 

uuu; 

i-u,^-u,^-u; ^-u. 

u+i, u+i; 


uuu; 

uuu; 

4~ u > u+ 4; U + 4> 

u+i, i-u; 

(48c) 

vOO; 

vOO; 

i-v>hh v+i,bb 



OvO; 

OvO; 




OOv; 

OOv; 

^ 

F. C. 


F. C. 


oK r o AS2 ° 9 U has been det ermined 

Sb 2 0 3 these parameters are u = 0.885 


0.895, v as 0.21; for 
, v = 0.23. 


R^Oe^olecule^packertSet^ 3 . (FigUre VA ’ 5 ) consists of 

same manner as are the ^ the Unit Cube in the 

in the molecule each P a + o atorRS ln the diamond. With 

a distance that is2 01 1 l ° Xygen nei g^ors at 

each oxygen atom i s bound* to^two^ 3 J n<1 2 ' 2,2 A * in Sb 2°3 5 

shortest be?n E ^ 0-0 °° r ' ta '= ts - 


e-po^ds^Ld 1 ^^ 10 '’ EtUdIee of 

the foregoingf m ° leCUle8 simile 


the vapors of these 
in size and shape to 


V. COMPOUNDS 


R~X 


n 


(V, a?). The compound Sb 2 0 3 occurs in a second modifi 
cation as the mineral valentinite. It is orthorhombic 
with a four molecule unit having the dimensions: 


V a 


= 4.92 A. , 


o 


= 1'2. 46 A. , Co = 5. 42 A. 


An arrangement has been described with atoms in the foil 
ing positions of V h (Pccn): 


ow- 


Sb: 


i 


3 . 


; £-x,£-y, z; x+£, y,£-z; x, y+£,£-z) 


1 1 


0(1): (c) ± (i^u; i,i,u+^) 

For the antimony atoms x = 0.1215, y = 0.207, z = 0.175; 
for 0 (l) u = —0.075. The 0(2) atoms are in another set of 
general positions (e) with x = -0.11, y = 0.156, z = 0.175. 
This produces a grouping (Figure VA, 6) of endless Sb 2 0 3 
chains parallel to the c-axis. The chosen parameters, how¬ 
ever, separate these chains by very large distances and 
the interatomic distances within chains (Sb—Sb = 1.66 A. 
and Sb—0 = 1. 30 A. ) are so short that a further study of 

this crystal should be made. 

(V, a8). The oxide of bismuth, Bi 2 0 3 , is very pleo¬ 
morphic. Four different modifications have been described 
though it is probable that these do not all refer to mat¬ 
erial that is strictly of the composition Bi 2 0 3 . 


The alpha form is apparently monoclinic wixn 

dimensions of Table VA, 9. Two cubic phases have been ob¬ 
tained by quenching molten Bi 2 0 3 . The so-called bod^ cen 
tered phase was obtained only in the presence o impuri 
ties and may not be Bi 2 0 3 ; its diffraction lines have been 

interpreted in terms of a 12 -molecule cell with a ° 

10.08 A. The "simple cubic" form, has lines corresponding 

to a bimolecular unit with a 0 ~ 5.25 A. .was one 

atomic arrangement that is a slight distortion of the on 

that was originally, and mistakenly, assigne ^ fouI . t h 

t cannot be considered as w r ell estab * ~ is SU p_ 

^odif ication 0 f B i 2 0 3 , designated as beta ^ cubic" 

P°eed to be a tetragonal distortion of the simp 
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Va form. Its eight-molecular prism has the dimensions 


a Q 3 10. 93 A. , 

The following atomic arrangement 
requires further confirmation: 


= 5. 62 A. 


on Vq 7 (C42b) , 


with x = 0 . 


Bi: 

(i) 

xyz; 

x, y + h, z; 




xyz; 

x,i-y, z; 




yxz; 

y* z; 




yxz; 

y,£-x, z; B.C. 


0 ( 1 ) : 

(e) 

u^O; 

iuO; |,u, 0 ; u,f, 0 ; 

B. C. 

0 ( 2 ) : 

(h) 


4^i If V,i; V,£,£j 

B. C. 

0(3) : 

(c) 

44 O; 

Ifo; ffO; lio 


0(4) : 

(b) 

COs; 

%°hi hhh; 0 ^ 


0. 135, 

y = 

0.115, z = 0.250, u = 0. 

02 , v 


= 0.02 


beer reported to SUlfld ® of composition NigS* has 

nearly cuMc is ^ ? S1 ? ple st ™cture which, though 

known crystal At firs+ Se + y related to that of any other 

bic but more recent ^dat a tho ^t to be strictly c, 

with a unimolecular cell of thf dimensionsf rh0rnb ° hedral 


Atoms have been assi 
tions of D 3 7 (R 32 ): 


a ° 3 4.041 A., a = 90° 18 » 

to the following 


cial posi- 


±(uuu) 


■gv v; ~-A 

In this crouping each body 0 

it six nickel atom “ y a ° 


with u = ^ 


-1 

> vv-js with v 


centered sulfur atom would have 
a distance of 2.28 A. 
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(V, alO). The sulfides of antimony and bismuth 
isomorphous with one another, their four molecule 
o r t ho rhomb i c units hs v ing "the dimensions c 


are 


Sb 2 S 3 : a D 
( s t i bn 11 e) 
Bi 2 S 3 : a o 


= 11.20A. b„ = 


o 


11.28A. c Q = 3. 83A' 


= 11.13A. b^ = 


o 


11.27A, c„ = 3.97A 


o 


A grouping has been proposed which places all atoms in 
the familiar special positions of 


V h 16 (Pbnm) : 


p-u,v+p,^ 


k) 




with 

the same 
7) consist 
the 
diagonal t 
S atom is 
at distanc 
tral radii 
great that 
made. 



R 2 S 3 


(c) ± (uv|; 

rs (Table VA, 7) 
both compounds, 
s of sheets of 
that is parallel to 
o the a and b axes, 
surrounded by three 
es that are approximately 
. The separation between 
a further study of these 


which are supposed to be 
This structure (Figure VA, 
indefinitely prolonged in 
the c axis and roughly 

sheet each R and each 
of the opposite kind 
the sum of the neu- 
sheets is, however, so 
crystals should be 


In a 
atoms 


(V, all). One other crystal of the . composition^ R 2 X 3 

has an arrangement in which atoms are in (c) of . t 

is the carbide of chromium which has the composition 
Cr a C 2 . Its orthorhombic unit has the dimensions. 


= 11.46 


= 5. 52 A. , c 0 ~ 2.82 A. 


Chromium atoms have the parameters of Table VA, 8. ^ 

been assumed, though the x-ray data are insu tbe 

Prove it, that the carbon atoms also are m (o) 

Parameters of this table. If this is true to the 

chains throughout the structure which run pa 

c-axis and have C—C = 1.66 A. 

(V, a 12). The telluride and sulf ° _t ® 1 ^J Jous°relation 
0 rot crystallize in a form that has a Thev are layer 

h the Bi 2 S 3 structure as described a chains but are 

structures in which the atoms do not t hornbohedra con- 

e latively close packed. Their uni s ions; 

lining one molecule and having the dime 
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V a 


Bi 2 Te 2 S: 
tetradymite 


a 0 = 10.31 A., a = 24 


o 


Bi 2 Te 3 


a 


10. 45 A. , a = 


tellurobismuthite 


The space group is D 3C j (R3m) with the bismuth atoms of 
both crystals in (c) ± (uuu) . For Bi 2 Te 2 S, u(Bi) = 0.392, 

for Bi 2 S 3 it is C.399. The tellurium atoms in Bi 2 Te 2 S and 
two of the three in Bi 2 Te 3 are also in (c) with u(Te) = 

0. 788 for Bi 2 Te 2 S and 0.792 for Bi 2 Te 3 . The sulfur atom 
in tetradymite and the remaining tellurium atom in Bi 2 Te 3 
are at the origin (a) COC. 

The structure as a whole can be thought of as layers 
of these atoms following one another in the succession 
characteristic of the cubic close packing and in the order 


Bi - S - Bi - Te - Te - Bi - S - 


The shortest interatomic distanc 


es 


Te = 


Te—Te = 


3. €9 


- Te 


S = 3. 05 A. , 


Bi T^wTtwv ! 1 hedleyite is a solution of bismuth in 

xs^hOTbohe^ 1 „l th the tore .S»te unit? 39 . M 

like / 1S 3 su P er -*- a ' t ' t i° e on a very simple cube- 

like cell with = 3.248 A. , a = 86 ° 42 * , silver* r*e 

places this bismuth in the mineral wehrliti. 
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B. STRUCTURES OF THE COMPOUNDS RX 


Tri valent and other mult ip ly-charged ions are generally 
smaller than their divalent and univalent neighbors in the 
periodic table and it is natural that the structures oi 
crystals (Table VB, l) containing them should be strongly 
influenced by the packing requirements of the larger anions 
with which they are combined. Accordingly many crystals 
of the type RX 3 have structures involving variants of a 
close packing of their X atoms (V, b structures). The sim¬ 
ilarity of this anion packing in different arrangements 
sometimes obscures the cation positions and leads to un¬ 
certainty about details of atomic distribution. 

The largest group of related RX 3 crystals have rhombo- 
hedral symmetry (Table VB, 2). Various atomic arrangements 
have been proposed for one or another of these compounds 
and it is not always certain yet whether their correct 
units are the unimolecular pseudo-cubes or the larger and 
more acute bimolecular cells of the table. 
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V b 


CLOSE PACKED STRUCTURES RX 3 

(V,bl). Among these the best-known structure is that 

of Bil 3 , Sbl 3 , Asl 3 , FeCl 3 and CrBrs. In these crystals 

the halogen atoms are in an almost perfect hexagonal close 

packing. The correct unit is bimolecular and the probable 

space group is C 3 1 (R3) with atoms in the following posi¬ 

tions: 

~ ' ' uuu; uuu 



±(xyz; zxy; yzx) . 


= - 0 . 


FeCl3 f 
In 


For Bil 3 , u has been determined as 1/3 and x 

y ^ 0.421, z - 0.088. For Asl 3 , the chosen parameters are 
u - ca 1/3, x = -0.25, y = 0.422, z = 0.078; 

^®L a !‘ e ? = 1/3 \ * = ~ c - 256, y = 0.410, z = 0.077. 

lilnx'nl 1 ^ Z = C - C63 (VlB). The slight devia¬ 

“ IToZ * 1688 than the —dainty with whi£ Ihey 

is a^ n the i L^ 0rniC ^ arrangerrert (Fi S ure VB,1) each R atom 
atoms. in m perfect octahedron of X 

is 3 09 A The i 1 dlstance in such an octahedron 

lar in' size fluoride, A1F S , is simi- 

but it has beSn ^ a BiI - like crystals 

the intense reflections nan atorn:ic arrangement. All 

molecular rhombohedron but ™ e J p; l- ained in terms of a uni- 
observed which reauirp i OIRe faint reflections have bee 
on this bimolecular ar ® er un *t. The structure based 

lowing speoiarp^ s rtiSn o “r ( ^rr atoms in the fo1 - 
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-h-l • vw uuu; uuu, with u = 0.237 

F(l) : (d) Ovv; vOv; vvO, with v = 0.430 

F(2) : (e) -gww; w^w; wwg, with w = 0.070. 

These parameters place the fluorine atoms in considerably 
distorted hexagonal close packing. For this to be perfect, 
v(F) would have to be 1/3 and w(F) = 1/6. In the proposed 

structure (Figure VB, 2) each aluminum atom has about it 
3 fluorine atoms at a distance of 1.70 A. and 3 at 1.89 A.; 
the nearest approach of fluorine to fluorine is 2.53 A. 

The unit cells of FeF '3 and of the other crystals fol¬ 
lowing it in Table VB, 2 so closely resemble that of A1F 3 
that it would be natural to expect these substances to 
have the same atomic distribution. Existing experimental 
data and the results of published analyses of structure 
are, however, confusing. The observed reflections do not 
require a unit larger than the unimolecular cell of Table 
VB, 2 but if u for R is \ all reflections corresponding to 
the larger cell would be faint and could have been missed. 
The structure that has been proposed for FeF 3 is based on 
the bimolecular cell. It can be expressed in terms of^the 
special positions of D a 7 used for A1F 3 by giving u(Fe) = l/4, 

v(F) = 1/3 and w(f) = 1/6.* 

Footnote: For these parameters the arrangement is iden¬ 

tical with that described in the Strukturbericht, Volume 
II. page 34, based on the more symmetrical space group 
I>3d° with u( F) = -1/12, the origin differing in the two 

descriptions by ( %, %, V* ) . 

Here the fluorine atoms are in a nearly perfect hex on i v 
close packing; each iron is therefore surrounded by ■ an o y 

slightly distorted octahedron of fluorine a ors 

tance of g. 07 A. Each fluorine has six fluorine neighbors 

2.84 A. and six more at 3.02 A. 


iden- 


The 

Pbasized 

ha B also 
tion of 

ij ig. 


by 


the 


^ ^ +> 1 p q e crystals is em- 

for a further study of er ent structure 

the fact that an entirely is a small distor 

n suggested for FeFo. paC ked Re0 3 group- 

fundamentally cubic clo P 
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V b 


(V, b3) . The structure that has been assigned to scan¬ 
dium fluoride, ScF 3 , is also this sort of a slight rhombo- 

hedral distortion of the Re0 3 arrangement described below. 
Its unit rhombohedron contains a single molecule and atoms 
are considered to be in the following special positions of 
D 3 (R32): 


Sc: 


000 

£uu; u^u; uu^, with 0. 025 < u< 0.030 


This structure would 
were zero and a were 
clear from the later 
this grouping are 
close packing that p 


be exactly the Re0 3 
90° instead of 89° 34* 
iscussion of Re0 3 the 
r to a cubic than to 
revails in the crystals 


if u 
As will be 
X atoms of 
the hexagonal 
just described 


(V,b4). One other crystal, chromic chloride, CrCl 3 , is 

™ivLrir e ? a" structure to those under discussion, 

atoms The & Z ° Cl ° Se packin 6 of its negative 

The true cell, however, is hexagonal rather than 

rhombohedral and this larger six-molecule unit with 


a o ~ 6.00 A., c Q = 17 . 3 A . 


has its atoms in 

corresponding 


the following positions 
of the enantiomorphic 

u, u, z /z; 2u, u, ^3; u, 2u,0 


of Do 

D 3 3 ) : 


(or the 


y, z; y- x , 5, z+%; y , x— y , z^/Z; 
y-x,y, z; y, X, ^s-z; x, x-y, Z /Z~z. 

The parameters defining atnm-? « . 

Table VB, 3. The cubie^i ° mic Positions are those of 
would be perfect if z we ° 8 ® / f th * chlorine atoms 

stead of the observed 2 aS 4 if ^ a Were 2 * 828 » in_ 

is related to that of CdCl' 1 S Q f tru ° ture (Figure VB, 4) 
would have an addi + -i^„-T 2 ' lv * c2 ); the chromous salt 

u = 8/9. 1 set of chromium atoms in (b) with 
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(V,b5) . 
of X atoms 
with 


A different 
is fumi 



approach to a cubic close packing 
by Re0 3 . Apparently it is cubic 


“o = 3. 734 A. 


for a unimolecular cell that has its R atom at 000 and its 
oxygen atoms at (3a) £,0,0; 0,£,0; 0,0,£. This structure (Fig¬ 
ure VB, 5) resembles the important perewskite arrangement 
(Chapter VII). Its close packing is incomplete in the 
sense that there are only ® of the oxygen atoms available 
to fill the positions of such a packing. 

Copper nitride, Cu 3 N, has the "anti" 1 form of this 
grouping. It is cubic and the three copper atoms in its 
unit having 

a Q = 3.807 A. 

are in (3a) as above. With the nitrogen atom at the ori¬ 
gin (000) Cu—N = 1.90 A. and Cu—Cu = 2.71 A. 


Crystals of W0 3 
tion of the Re0 3 a 

axial angles practically 

its four-molecule cell a 


a structure that may be a distor- 
. They are triclinic with all 
90°. The lengths of the sides of 


“o = 7.28 A., 6o = 7.48 A., c Q = 3.82 A. 


(v, be) 


v v, oc; . ±n molybdenum trioxiae, iviuu 3 , uw 
°id atoms seemingly are in a distorted cubic close-packed 
array. There are four molecules in an orthorhombic unit 

flavin a* 4-1_• 


too the metal- 


QVing the dimensions: 


3 • 92 A. 9 


13. 94 A. , c o = 3. 66 A 


determinations 

Positions 


agree in placing all atoms in special 


± (uv|; £-u, v+hi 


form 11 • (•Pb niri ) with the 

a "tion of the oxygen packing 


of Table VB, 4. 

in this structure 


The de 
(Figure 
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VB,f) is such that the distance between a molybdenum ato 

and its octahedrally distributed oxygen neighbors ranges 
from 1.88 A. to 2.45 A. 


ide ^. s J r V ctu f e has been given to aluminum chlor- 

ss:. 

t h e . dimeneions 

unjrha^ing 1 * DeSCribed in te ™s of the hexagonal pseudo" 


a<5 


5.9a A., 


Co 


17.52 A. 


chlorine atoms were placed in (c) of D 3 3 - 


(c) 


with the 
however, 


xyz; y-x, X, z + i/S; y, x-y, z +% ; 
y~ x »y, 5; y,x,%-z; x,x-y, ^ 3 - 


parameters of Table VE 5 t 

were eiven the 

Xyz; y» x »%-z; X+^y.^ 2 + 1/^. 


7&-y, /S-x, z; %-v ©, o 

^ y . 73-x, /3-z; x+^3,y+^, z + ^ 3 

with x (Al) = 0.14, y(Al) = p , , 

grouped them in pairs ins + ^o*, 25 ; 2 (Al) = "0.015. This 
holes of the chlorine pack d ° f Sln ? ly wit hin octahedral 
so short that a furthe? s^Sv or“j 1 * 148 “ "-A1 - 0. 63 A. 

sar y- StUdy of th is crystal seems neces- 


it ls sometimes written Al 0*™°n alumina > A1(0H) S , or as 
angement in which the OF rarti^i 0 ’ has been 6 iven an ar- 
approach to close packing ?+ Cals ar ^ distributed with an 
and measurement on it af' the™ • SyiWne ^ try to ° is monoclinic 

L® 11 containing eight mol^ ln ? ral hydr argillite result 
the dimensions: K gbt mol ecules of Al (OH) a and having 
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= 8 . 


A. , b o 5. 060<c A. , c Q - 9. 599 ^ 3 = Q5 0 gg « 


All atoms have been assigned 

(P2i/n) : 


positions of C 2h 6 


(e) ±(xyz; rx,y+^^- z ) 

with the parameters of Table VB, 6 . This is a layer struc¬ 
ture consisting of linked sheets of the kind of octahedron 
that occurs in a close packing but in the present instance 
these octahedra, each enclosing an aluminum atom, are at¬ 
tached one above another along the c-axis. This placing 
of the oxygen atoms directly above one another in adjacent 
layers instead of in holes between oxygen atoms as is the 
case with a complete close packing is unusual. 


V b 


(V, b9) . Chromium trioxide, CrOa, is the one other 
compound that has beer examined whose structure may be 
dominated by a close packing of its anions. Like the 
chemically analogous Mo0 0 it is orthorhombic with a four 
molecule unit but this cell is totally different in shape: 


a o = 8. 50 A. , 


The atomic arran 
considered to 

Da (C222i ) : 


Cr 


= 4. 75 A. , c a = 5. 72 A. 


nt is not completely established but 
approximately the following, based on 


0 ( 1 ) 

0 ( 2 ) 


(a) uCO; uOg; u+^,^,0; &-u,£,l3t 

( b ) C p v,£; O, v, |; £,v+&,i; 


-v, ft 


with u - 1/5 
with v = 1/3 


(c) 


xyz; xyz; x, y, h~ z '* x *y* z+ ^'» 

x+i.y+i,*; 


with x - 1 / 6 , y - -V 6 and 

z - 1/4. 


^.Places oxygen atoms in a distorted hexagonal close 

P ckl *g with chromium atoms in the interstices. 
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MOLECULAR STRUCTURES RX 3 


(V,blO) . A close packing 
single ions, is approximately 
NH a . It is cubic with a unit 
The nitrogen atoms in NH 3 are 
positions of T 4 (P2i3): 


of molecules, rather than of 
achieved in solid ammonia, 
containing four molecules, 
probably in the following 


(4f) 


uuu; u+^,^- u ,u; u, u+^,^-u; £-u, u, u+^, 

with u = ca C.22. 


Packing would be perfect if u were exactly 1/4. Hydrogen 
positions cannot as usual be determined from tl 6 


data. 


the x-ray 


pho 4 hi£r IT rted that the diffra «ion patterns of 

m jp-ii-L-i> 6 y Jrrio , and 2 i np a tj 


_ (v,bll). The ice-like, or 
trioxide, S 0 3 , is a packing of 

39 . It is orthorhombic with 

these molecules and having the 


a 


= 12. 3 A. , 


6 ° = 10. 7 A. , 


gamma, form of solid sulfur 
molecules of its trimer 
a unit containing four of 

dimensions: 

c ° = 5. 3 A. , at ca—10°C. 


re all atoms are 


2 1 ,1 


The space group is Co 9 (v>u \ 

in a number of se s Ir „ (] , and there f° 

sets of general positions: 

x y z ; y, z + -^; y+ 

The established parameters are listed in Table VB, 7. 

are puckered rinms or°Qn FleUre VB ’ 7 the se P ara te molecules 
an oxygen atom, the int 2 e 5 ° U . pS together by sharing 

en in the figure. To ?u' 1C distancea being those giv- 

indicated in Figure VF cr y stal they are packed as 

ox y£er atoms of £> # 9 ^ * wit a closest approach through 
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(*V,bl2). Crystals of phosphorus tri-iodide PT 

_l i t i ^ y 


parently are built up of molecules arranged in'thPsLne P 
way as are the CHI 3 molecules in iodoform. (Chapter XIV) 
They are hexagonal with a bimolecular unit having 


a ° - 7.11 A., co = 7.273 A. 


The iodine atoms have been put in 

/N " /_ \ r 


(C6 3 ) : 


general positions of 


(c) 


; y-x, x, z; y,x-y, z; 


z + p; x-y, x,z+i>; y, y-x, z+^ 


with x 0. 3C, y - 0.35. Positions for the phosphorus 
atoms were not determined. 
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V b I (V,bl3) . 

centered but 
described by 


OTHER IONIC COMPOUNDS RX 3 

The important arrangement given BiF 3 
not simply close-packed. It is most 
saying that the bismuth atoms in 


is face 
easily 


(4b) 000; 


hoh 


have the positions of the sodium atoms in sodium chloride 
and of the calcium atoms in calcium fluoride while the 12 

+ h U ° r ^ e ° ms in lts unit cube have the positions of both 
e c onne atoms in NaCl and the fluorine atoms in CaF 2 : 

F(l) : 

F( 2 ) : 


(4c) 

111. 

• r. 

r-iiCV 

O 

O 

oho-, 

hoo 

(8e) 

hi . 

1 33. 

313. 

331 . 

444 > 

444 y 

444 y 

444 y 


333. 
444 > 

311. 
444 y 

131. 

44 4 y 

113 

444 


^as S e?Kht S nL^rr tUre J Fi6Ure VB > 9) in = h each atom 

For bismuth an/forlheph) a a 1 ” 1 ' 8 a distance of 2.56 

for F( 2 ) they are 4 B ! and 4 SS ^ F(2) at ° mS; 

tribution is the samp » Jt f 1 atoms - This atomic dis- 

in such compounds as (NH 4 ) FeF^frh 6 ^ t0m ^ ® nd complexes 
forms of Li,Sb and T-i n 3 t (Cha P ter . The beta 
structure. 3Bl are also supposed to have this 


A 


(V, bl 4 ) . The compound YF 


ification which 3 said to have 

and the recorded d^n r . lne t0 the edge length a 
cubes pe/Sn^ f ^ S *°“ ld ^ * 


is said to have a cubic mod— 

o = 5. 644 A. , 
ly three mole¬ 


cules per unit a _ —-- 4 . umcc mux 
this reduced number o^atn^ h&S be ® n P ro P° se d in which 
among the positions of the^i^ Statisticall Y distribut 
study, however, the cub 


3 a 


but ed 
In the latest 


v y l, HQ CU h i P 7^ • - - - - - 

could not be reDcnd,,^ * Preparation was obtained once and 
ied out. ep roduced; more work must obv iously be car- 


a P. 


t ext 
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. (V,bl5). Other rare earth fluorides are hexagonal 

with a structure that has been most extensively sludged as 
a mineral tysomte, (Ce,La)F 3 . The correct units of the^e 
substances, as listed in Table VB, 8 contain six molecules 
though most of the data are compatible with a smaller bi- 
molecular cell. The more recently proposed arrangement 
has atoms in the following special positions of puy, 3 
(C6/mcm) : n 


V b 


R 


F(l) 

F(2) 


F(3) : 


(g) ±(uO^;Ou^; uu^) 

(a) 00^; 00| 

(c) ± ( 2 /z, V4; 


00 ^; 00 | 

± ( yz, z /z, fa; ^3, Vi) 


(k) ± (vOw; Ovw; vvw; 


v, 0, w+^-j 0, v, w+i>; v, v, w+t?) 


with u ca 0.34, v - ca 2/3, and w - ca 0.175. If u were 
exactly 1/3 and v were 2/3, this arrangement would reduce 
to a simpler one based on De ^ and having a bimclecular 
unit. Further work with these crystals is desirable. 
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PHOSPHIDES, ARSENIDES, ETC. 

(V, big). The most satisfactory structure of the sev¬ 
eral that have been assigned to metallic phosphides and 
other compounds involving fifth column elements of the 
periodical table is that which has been found for CoAsg, 
the mineral skutterudite. Its eight-molecule cube with 


a o ~ 8. 189 A. 

has atoms in the following special positions of T h ® 


(lm3) 


Co: 


(8e) 


-UA. 133. 313. 

44 4> 44‘.) ^"54, 


I3J3JL. 


B. C. 


As: (24d) ± (Ouv; vOu; uvO; 


Ouv; vOu; uvO) ; B.C 


with u = 0. 35 and 


v = 0. 15. 


has six arsen^ Figure VB , 10) each cobalt atom 
each arsenic at ne ^ ehbors at a distance of 2.35 A. while 

two ars^ic at 2 4^1 ^ c 0fcalt neighbors at 2 . 35 A . a nd 
ted if the atoms* have* their neutral^adi ^^ ^ 


(V,bl7). The mine 
with a unit having 


ral domeykite, Cu 3 As, is also cubic 


a o = 9. 592 A. 


and containing lg molecules Tt v, v, 
rangement developed from T 5 ' X ~ haS been assi £ ned 3X1 


As: (lgf) 


d (I43d) : 
uuu; u+ -g, ^>-u, u; u, u+£,£- u; 


S-u, u, u+^; 


™*is 


B. C 


P. V. 
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Cu: 


xyz; zxy; yzx; 


z; z+£,£-x,y; y+i,^-z,S; 


l 1 


x > y + ^,t-z; 


y + i, * + i, z+i; 



3 1 


-y, x+f, i-z; 


» x+ ^*i-y; 

y* z 

+ S> irx; 

-z, X, y+i; 

h-y 

» z » x+ i; 

z+i, y+i, 

A 4J 

x+ 4t Z+i, y+i; 

z+ l»?“y. 

3_ x . 

x+f, ^-z, f-y; 

f-z, y + f, 

l. x . 

4 

3_ + 3 i_ 

4 x, Z 4 , ^ y* 

-1-7 - 3 _V 

4 < y> 

x 4 > 

1 __ 3 __i 3. 

4 “*x t ^ z, y + ^ , 


B. C 


V b 


These parameters yield nearest Cu—Cu distances of 2.56 A., 
which is almost exactly that of the copper atoms in metal¬ 
lic copper; the smallest separation of unlike atoms, Cu—As 
2.63 A., is greater than this and considerably in excess 
of the sum of the neutral radii. More work should be done 
or. this crystal. 

(V, blS) . The alkali phosphides and their isomorphous 

arsenides, antimonides and bismuthides (Table VB, 9) form 
hexagonal crystals with bi-molecular cells. The structure 
Proposed for them puts atoms in the following special posi¬ 
tions of Deh 4 ' (c6/mmc) : 


As: 

Na (l) : 
Na(2): 

In the typica 
ureVB.ll), Na (2) 

“rations of 2.94 A 


y 4 ; 2 /3, 

c, o, V 4 ; C,0,f4 

±(^ 3 , z /z,u; ^ 3 » V 3 * u+ V 2 ) * 


example of this 
oms have u = 0. 

and 2. 99 A. 


structure, Na a As 

583 to yield Na 


(Fi£- 
As sep 
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(V,bl9). The very important substance cementite, Fe 3 C, 
has a structure unrelated to the other compounds RX 3 that 
have been described. It is orthorhombic with a four-mole¬ 
cular unit. Accurate determinations of cell dimensions on 
two sets of samples lead to the following slightly but sig¬ 
nificantly different values: 


a o = 4. 5155 A. , 


= 5.0773 A. , 


a Q = 4.5144 A., 


- 5. 0787 A. , c o = 


6.7265 A. at 25°C. , 
1942, HR, R*rL 

6.7297 A. at 21°C. , 

194C, L&P 


These differences are probably due to dis 
mechanical treatment of the preparations, 
following positions of V^ 10 (Pbnm): 


similarities in 
Atoms are in the 


Fe(l): (c) ± (u, v, £-u t v+£,^) with u=-0.167, and v=C.04O 
Fe(2): (d) ±(xyz; &-x, y+£, £-z; x, y, z+£; x+£,&-y,z) with 


x = 0. 335, 


0.175 (0.183, L&P) and z= 0.065 


C : (c) with u= 0. 43 (W) or 0.47 (L*P) and v= -0.13(w) 

or -C. 14(L*cF) . 

This places the carbon atoms at the centers of nearly reg- 

^ a ^ r * e ° r ? 1 P r i, srT,s of irOT1 a toms in a structure (Figure 

1 p ^ h J; ch Fe ~ Fe varies between 2.49 A. and 2.68 A. 
and Fe—C between 1.85 A. and 2.15 A. 

well ^establiabpH S H rUC K Ure cannot be considered as 

dlffrao«cnrof„Me h b :^ B P r° P ° Eed ^ BaS - The po » der 

accounter 5 for- v, * . th s study was based could all be 
and the dimensions etra6 ° nal unit having a single molecul 


a o = 4. 02 A., 


c o = 4. 16 A. 
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An orthorhombic cell with 


a o 8« A. , b q - 9 . 64 A. , 


Co 


= 4 . 28 A 


was, however, chosen instead because it was concluded that 
a satisfactory structure could not be built upon a tetra¬ 
gonal unit. A suggested orthorhombic arrangement, based 

on the space group V 3 (P2 1 2 1 8) has atoms in the following 
positions: 


V b 


Be 

i(l) : 

(a) 

OCu; 

1 1 

u with 

U 

= 0 

Be 

i(2) : 

(b) 


v; 

0, v with 

V 

= 0 

S 

(1) : 

(c) 

xyz; 

xyz; 

x+^,^-y, 5 

* 







with x = ^ 

— 

y> 

S 

(2) : 

(c) 

with 

X - 

i, y = z = 

h 


S 

(3) : 

(c) 

with 

X 3 

0. 124, y = 

0 

.309 


0. 382 


Cha 
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C. STRUCTURES OF THE COMPOUND RX 4 

(V, cl). Air.org the few compounds of the type RX 4 whose 
structures have been studied (Table VC, l), only the ar¬ 
rangement characteristic of Snl 4 appears to be of common 
occurrence. It is cubic with eight molecules in a unit 
having the dimensions of Table VC, 2. Atoms for the typical 
Snl 4 are in the following positions of T^ 8 (Pa3) : 


V c 


Sn: (8h) ±(uuu; u+^,^-u,u; u,u+^,^-u; J-u, u, u+^) 


with u = 0. 129 


I (l) : (8h) with u(l) = O. 


1 ( 2 ) 



3 


(d) ± ( xyz; x^,^-y, z; x, y+£,£-z; £-x, y, z + hi 


zxy; 


z, x+15, £-y; h- z* x, y+i; 


yzx; 2 -y 


i-1/■ z. 


with x = 

z = 


y + ^,^-z, x; 

0.009, y 
0.253. 


z + i,i-x, y; 

y, z+^,^-x) 
= 0.001 and 


Similar parameters undoubtedly apply to the other crystals 
with this structure* In SnI* (Figure VC, l) each tin atom 
is surrounded by a practically regular tetrahedron of 
iodine atoms* The Sn—I distance of 2.60 A* is slightly 
less than, the sum of the neutral radii of tin and iodine 
atoms. The observed I — I separation of 4.21 A. is the same 
as the X—I distance between molecules of solid iodine, an 
also between the iodide ions in Cdl 2 ; it i s ad( ied evi ence 
that this separation is about the same whether tea 

are neutral or ionic. 


There has been uncertainty about the correct u_ 
room temperature form of CBr 4 . The arge ^ 

-p Tm „ . i „ + ~ c + to be assigned, it can 


ceil of Table VC, 3 is the latest to d 
considered as pseudocubic and related 
m odif ications stable above 47 C. The 

should be studied further. According 

y is monoclinic and isomorphous with 
f oim of CBr*. 


0 88S1 D -- 

the Snl 4 -like 


for 
c 

can be 


crystals of CI4 also 
to latest information 
the low temperature 
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A cubic structure containing two molecules per cell 
and having a Q = 5.41 A. has been suggested for solid SiF 4 

at -170°C. This and the atomic arrangement proposed for 
it are most certainly wrong. 


(V,c2). Another structure RX 4 for which atomic posi¬ 
tions are known is that of Fe 4 U and Mn 4 N. The metallic 
atoms in these two crystals are in a cubic close packing 
with the coordinates: 

(4b) OOO; ^0; O hh 

Their unit cells thus contain one molecule with 

For Fe 4 N: a a = 3.789 A. 


For Mn 4 N: o Q = 3.86C A. 


The position 
tablished by 

ill J 


of the nitrogen 
me an s of x- r a ys. 


atom in each has not 
but it very possibly 


been es 
is in 


tals ^with^1 Boron carbide, B 4 C, forms rhombohedral crys 
tals with a tn-molecular unit of the dimensions: 

a o = 5. 19 A. , a = gg° iq». 

taininrSne 6 ,!^!' 8 he -^nal-pseudo unit ccn- 


“o 


5. 6C A, , 




12.12 A 


whlchr^pressed^t ^ 8P J Cial P ° sitions of D 3 d" 

have the following ccordi^t™ S ? f these hexagonal axes, 

1/3, 2/3,1/3 and 2/3, l/ 3> 2/3^ S PlUS Slrrjllar P oints around 


c(l) : 

(b) 

C(2) : 

(c) 

B ( l) : 

(h) 


ocb 


OQu; OCu with u = 0. 385 
vvw; v,2v,w; 2v, v, w; 

v ™ ; . 2v, v, w 

with v = l/e and w = 0. 36C. 
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B(2) : (h) with v’ = 0.106 and w' = 0.113. 

There are two ways of viewing this interesting struc¬ 
ture (Fig. VC, 2). In the first place it can be thought of 
as a rhombohedrall y distorted NaCl-like grouping of linear 
C 3 and icosahedral B 12 groups. At the same time it is to 
be noted that the boron atoms in themselves constitute a 
three dimensional network extending throughout the crys¬ 
tal; in such a network the groups of carbon atoms fill the 
largest holes. Within the linear C 3 chains C—C = 1.39 A. 

The B—B separations are from 1.74 to 1.80 A.; B—C is 

1.64 A. 
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D. STRUCTURES OF' THE COMPOUNDS R 2 X 5 

(V, dl) . Cornplete structures have beer, determined for 
the two fox-ms of phosphorus pentoxide, P 2 0 6 , that are know 
to exist. One of these, less stable than the other, con¬ 
denses from the vapor phase. It is rhombohedral with 

= 7.43 A. , a = 87°. 

It is composed of the P 4 0i O molecules that have already 
beer showr in the vapor. Two of these in each cell have 


their atoms in the positions of C 


3 v 


(R3c): 


(a) 

(b) 


uuu; u+] 3 ,u+p, 


xyz; zxy; yzx; 


+p,x+p-,z+^; x+p,z+p,y+^; z+^, y + i, * + i‘ 


The chosen parameters are those of Table VP, 2. 

As car be seer from Figure VD, 1, this crystal is a body 
centered grouping of its P 4 O 10 molecules. The shape and 
dimensions of these molecules, as indicated in Figure VD, 2, 
are substantially the same in the solid and in the vapor 

from which it is grown. 


(V, d2). When the foregoing less stable form of I 2 O 
is heated in a closed tube orthorhombic crysta s o 
stable modification are produced. Ihere are 2 6 

molecules in its unit which has the edge lenf t \s• 


= ie 


A. , b Q - 8 . 12 A. , 


= 5. 25 A. 


[n this crystal, atoms are not associated ^ dra which 

molecules; instead they go to build *P oxygen 

3re linked together throughout the so following 

*toms with one another. These atoms are 

Positions of C 2V 10 (idd) : 


^ v. 
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(a) OOu; i,i, u+|; F. C. 

(b) xyz; xyz; y+i, z+^; x+i,i-y, z+i; F. C. 

■with the approximate parameters of Table VD, 3. 

In this arrangement (Figure VD, 3) three of the four 
oxygen atoms of each PO* tetrahedron are shared by neigh- 
boring tetrahedra; the fourth, 0(3), is considered to fe 
oubly bound to its phosphorus atom. This P—0(3) dis- 
tance is 1.40 A., the others being 1.65 A.-separations 

precedi^ng^odificationf OUri< ^ ^ ^ P *°” ^^cules of the 


• ( V ’ d 3). Vanadium pentoxide, V 2 0 

with the four molecule unit: 


2°5, is orthorhombic 


“o 11.48 A., b Q = 4. 36 A., 


= 3.55 A. 


In the structures described for 
the following positions of C 2y 7 

(a) Quv; u, v+^ 


this crystal 
(Pmn): 


atoms are in 


(b) 


xyz 


xyz; ^-x, y, z + i ; x +i >y>z+ ^ 


that results (Fi^revr 4 ? f ^ VD ’ 4 * The structure 

tetrahedra of oxygen atimi. 13 ™ree V ou? d orf 8t °' , ' S Wlthin 
oxygens are shared by adiacent + f ^ f f ° Ur ° f these 
longs to one only. The sicnif etra bedra, the fourth be 

between 1.56 A. and 1.83 A^* ^ ° se P arati °ns lie 

as 2. 03 A. A * ’ 0 0 distances are as short 
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E. STRUCTURES OF THE COMPOUNDS RX 6 

. \ StU ^ of lts cr y s tal structure has demon¬ 

strated that phosphorus pentachloride, PC1 6 , is not mole¬ 
cular in the solid state but an assembly of PCI 4 and PCla 

groups. Its symmetry is tetragonal with a tetra-molecula 
cell of the dimensions: 


Atoms 


a o = 9.22 A. , c 0 = 7.44 A. 
in the following positions of C * h 3 (P4/n) 


Jin- 

44 u ) 


33 Q 

44 U 

31- 


-x,i-y, z; y, x + g, z; y+i, x, z) 
with the parameters of Table VE, 1. 

This structure (Figure VE,l) is most simply pictured 
a s a CsCl arrangement of PCI 4 and PCla ions distorted by 
the packing requirements of these tetrahedral and octa¬ 
hedral groups. In PCI 4 the P—Cl distance is 1.97 A., in 
£'C14 it is from 2.04 A. to 2. 08 A. 

(V, e2) . Phosphorus pertabromide, PBr 6 , like the chlor¬ 
ide, forms ionic crystals but in this case the ions seem to 
he PBrJ and Br * . Its symmetry is orthorhombic with four 

molecules in the unit: 


1 


5. 62 A. , 


All atoms 


bo = 16. 91 A. , Co = 8 . 29 A. 

or another of the following positions 


(Pbcm): 


± (u, v, 1; u, v+s, 


±(xyz; 


x, y, z+£; 


h-y> X,y + l5,£-z) 


T he parameters found for these are listed in Table VE, 


V e 
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STRUCTURES OF THE COMPOUNDS RXg 


(V,fl). The hexaborides of divalent metals supply th« 
largest group of PXq compounds of known structure They 
are cubic with unimolecular cells of the lengths listed ir 
Table VF, 1. ^ Their simple atomic arrangement, Figure VP 1 
based on 0^ (Pm3m) , places the metal atom at the origin 
COO and boron atoms in the six special positions 

/ £ i. / 11... l._l. ..1 1\ 


(Cd) ± (lb?u; -gu-g; u££) 


For CaB 0 , which has beer studied with special care, 
value of u is 0.207. 


the 


As is apparert frorr the figure this structure car. be 
considered a CsCl grouping (lll,bl) of metal and E 0 octa- 
hedra. With the foregoing parameter the B—B separation 
is the same within a B 0 octahedron and between atoms of 
adjacent octahedra, 1.720 A. There is thus in this crys¬ 
tal, as in B 4 .C, reaching throughout the solid, a skeleton 
of boron atoms with the other atoms lying in its large 
holes. Evidence favoring this skeletal picture can be 
drawn from the fact that the shortest Ca—B distance, 

3.0 A., exceeds the sum- of the elementary radii, or of 
these atoms as ions. 


(V, f2) . Telluric acid, Te(OK) 0 , has two modifications, 
or>e cubic, the other monoclinic. Only a unit cell has 
been established for the low symmetry form. Its tetra- 
rnolecular cell has the dimensions: 


a o =5.70 A., b Q =9.30 A., 


c 0 


= 9 . 74 A. , 3 - 104 




The unit of the more thoroughly studied cubic modif’ 
has a large 32-molecular cell with 


a Q 


The tellurium at 


om s a re 


= 15. 48 A. 

in special positions 


(38<J) V&. Vfe, ^ 

5/e, 7 /a, 7 /e; . 5 /e■ 7s, 5 /e; 


F. C 
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V f [of Oja (Fd3c) but the structure has not been completed 
through a determination of the oxygen positions. 


(V, f3). 
tungster are 

For Cr(CO) e 


The hexacarbonyls of chromium, molybdenum and 
orthorhombic with the four-molecular cells: 


Fo r Mo(CO) 
For W(CC) e 


0 


a 


a 


a 


= 11. 72 A. , b 
= 12. 02 A. , b 
= 11.90 A. , 


6 . 27 A. , 


= 10.89 A. 


o 


6 . 48 A. , c q = ii. 23 A. 


6 . 42 A. , 


= 11. 27 A. 


Metallic atoms have been consi 
positions of C 2 v° (Pna): 


to be in the following 


xyz; 


x » y* z+ i; x + -k,i?-y,z; £- Xf y+.i fZ +£ 


with x = 
data are 
CO group. 


ca 1/8, y = ca 1/16, 


' and z - ca 1/4 Th^ Y„ rQ v 

insufficient to establish the positions of the 


. ^'^ r ) • Tungsten hexachloride wm _ _ . 

rhombohedral svmmetrv *+„ / ’ wcl e, crystallizes with 

dimensions: 8ymn:etry » lts ummolecular cell having the 


The hexagonal 


“° ~ ^.58 A. , a = 55° O’. 

pseudo cell corresponding to this has 


l _ 


6.088 A. , c& = i 6 . 68 A . 


of course conta 

in the following positions of C^ 


tains three molecules. Atoms have 


(R3) : 


oco 


Cl: 


with x = 0 . 37 , y = o 
these atoms have the 
sets of points about 


± ( x yz; zxy; yzx) 


29 > z = 0. 

following 

VS, 2/sf 


l n the hexagonal 

coordinates plus simi 
1/3 and 2/3, 1/3, 2/3 


ap 
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G. COMPOUNDS OF THE TYPE R 3 X 4 


Several crystals of composition R 3 X 4 have atomic ar¬ 
rangements to be discussed in later chapters. Thus Fe 3 0 4 
and related oxides have the structure of the spinel, 
MgAl 2 0 4 , (Chapter VIII). Similarly Ge 3 H 4 is structurally 
isomorphous with the silicate phenacite. The remaining 
R 3 X 4 crystals which have been investigated with X-rays are 
discussed below. 


(V, gl). Thorium phosphide, Th 3 P 4 , is cubic with a 
tetramolecular unit having 

a Q = 8. €00 A. 

Atoms have been placed in the following special positions 

of Td e (143d) : 

Th: (12k) z / 5 , 0 , V*; ^6,0. 3 A; z /4,Ve,0; V4, ?8,0; 0, V-t, %; 


0, z /4, B. C. 


P: (16f) 


uuu; 


u, u, i:-u; h 


u,u,u; u, -g-u, u; 


+ ^,u+^,u+i; u,u+i,f-u; 


J. 

4 > 


u+i,f-u,i-u; 

B. C. 


with u = 0.083. 


, tti-c t ^ aar-h thorium atom has 

In this structure (Figure VG ’J^ . tances of 2.98 A.; 

bout it eight phosphorus atoms a to one another is 

he nearest approach of phosphorus 

• 2C A. 

• • a&c. of rubidium ard cesium: 

It is said that the sesquioxi - this structure. 

b 4 C e and Cs 4 O 0 , have the "anti pOS itions occupied 

etallic atoms have been placed i atoms have been 

y Phosphorus (l€f) and pairs of oxyge gdge le ngthe 

entered at the points of (12k)* 


For Rb^Oe 
For CS4.O0 


a o 


do 


= 9.30 A 

= 9.8f A 
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The same parameter has been assigned both rubidium and 
cesium; namely, u = C. 054. 


(V,g2). The platinum oxide, Pt 9 CU, is also re 
to be cubic but with a smaller unit containing two 
cules and having the edge length 


orted 

mole- 


= e. 23 A. 


In the assigned structure, 


nun 


(6e) sCO; OpO; OOp; 1^?0; Opi; pOp 


and oxygen atoms in 


(8e) 


111 . 

444> 


333 , 
444 > 


F. C 


This very simple atomic distribution yields a Pt 


= 2.2 1 


and a Pt—Pt = 


3. 11 A. 


(V,g3). The structure given Pb 30 4 is tetragonal with 
a tetramolecular cell 


a o S. 875 A. , 


= 6. 51 A. 


It_has been concluded that 
(P4b2) but that lead atoms 
approximate the following, 


metry D 4 ft 


(P4/mbc) : 


the correct space group is V d 
are in positions that closely 
developed from the higher sym- 


Pb 

Pb 




(d) ±(Qpi; pO£) 

(h) ± (u, v, 0; v,u,^; u+^,^-v,0; 


Pb : ±(u, v,0; v,u,^; u+p,^-v,0; v+^,u+4,^) 

with u ca 0. 16 and v = ca 0. 14. The arrangement sug¬ 
gested for the oxygen atoms is not established by the 

x-ray data and it is clear that additional work must be 
done on this crystal. 
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(V, g4). Aluminum carbide, Al + C, 

crystal of composition R 3 x. whose stkctureh.TJ 1 " 1 ”' 
led in detail. It is rhombohedral .hi’,'? stud - 
having the dimensions: ummclecular cell 


Vg 


- 8. 53 A. , a = 22 


28 


Ail a tom S are on trigonal axes in positions ±(uuu) the 
probable space group thus being D 3d 6 (rnm) Th _ * 

O^Pa 6 al ^ inuin atoms are u (Al, l) = o! 29-3, u^AlfSf = PS 

thirf. S ° f / Car ? 0n atoms has U (C,1) = 0.217; the 

(a) 000 m (C ’ 2) With U = 0 is at the origin, 


The trimolecular 
to this unit has 


hexagonal pseudo cell corresponding 


a A = 


3. 325 A. , 


r ' = 

c O 


= 24. 94 A. 


1 the forces within this layer structure (Figure VG,2) 

be 6 ! 668611 ^^ 8 ^^^ ionic in character, then it probably should 
ooked at as a close packing of large carbon ions with 

mor^ lnUin *° ns -*- n the interstices; if it is non-ionic it is 
g^. . n ® ar ly a packing of bigger aluminum atoms with inter- 

extr 1 Carbon * It is not now known if eithe'r of these 

e P° in ts of view corresponds to conditions within 
env ^ cr y s tal. The two sets of carbon atoms have different 
at f° nme nts. Each C (l) atom has five aluminum neighbors 
i 8 s J 8tan ces between 1.90 A. and 2.22 A. while a C (2) atom 
a lumi rrOUn< ^ e( ^ si* aluminum atoms 2.17 A. away. The 

tetrah^ 1 ? aboms are at the centers of deformed carbon 

anoth 6 ^* a * The closest approach of aluminum atoms to one I 

u Pward r 1S A.; Al—Al separations are from 2.71 A. 

ar rangement is closely related to that of the car- 

8 iv e l lde A 1 sC 3 N which is a structure consisting of succes- 

a yers of the composition AI 4 C 3 an( i AIN. 
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v. COMPOUNDS 


R m x n 


H. 


miscellaneous STRUCTURES R x m 


^l) • Two other carbides h^ + v, u 

crystals whose structures have k th ? f chrorriun h f o™ 

Oee, with the composition C Lf h” 8 " ly eddied, 

edre- ur 23 °e» ha s the large cubic 


edge: 


a o = 10. 038 A. 


Atoms of the four molecules in this cell have b 
the following special positions of 0. 6 (Fm3m): 


een put in 


Cr(l) : 

(4b) 

000 ; 

i&k; ^0 

Cr(2) : 

(8e) 

TJJ. 

4 44 » 

flf; f. c. 

Cr (3) : 

(32a) 

± (uuu 

; uuu; uuu; uuu); 

Cr(4) : 

(48f) 

± (Ovv 

; vGv; vvO; Ovv; 


(24a) ± (wCO; CwC; COw) ; F. C. 


F. C. with u = 0.383 

v; vvO) ; F. C. 

with v = C. 105 

with w = 0. 2 75, 


Other isomorphous crystals are i'/ir 2a C e , Fe 21 W 2 C8, 

Fe 21 Mo 2 C 0 and Cr 21 W 2 0 B . 


(V, h2). The other chromium carbide, of the simpler 
composition Cr 7 C 9 , is hexagonal with an eight-molecular 
cell of the d irrens i or s : 

a G = 13.98 A., c 0 = 4.523 A. 

A** approximate atomic arrangement based on Cq v 4 (CCmc) 
and related to that of Cr 3 C 2 (V, a) has beer described but 
the true symmetry is said to be lower with C 3 v (H3c) as 
the correct group. The exact structure developed from it 
has not yet been established. 


The compound Mr 7 C 3 is isomorphous with 

a Q = 13.87 A., o 0 = 4.53 A. 






WYCKOFF: CRYSTAL STRUCTURES 


V h 


(V,h3) . An atomic arrangement has been desc 
the cubic cobalt sulfide, Co 9 Se • The four mo 
the unit cell with 

o 0 = 9.907 A. 



ibed for 
s in 


have atoms in some of the special positions of 0^ 6 (Rn3m) 


for Cr 2 a C 6 

• 

• 

Co (1) : 

( 4c) 

Co (2) : 

(32a) 

S(l) : 

( 8e) 

S(2) : 

(24a) 



; 0^0; ^00; OOj 

±(uuu; uuu; uuu; uuu) ; F. C. with u = l/8 


. 333. 

4 4*4 » 


F. C. 


±(v00; OvO; 00v) ; F. C. with v 


1/4 


'piis arrangement can be considered as a cubic close pack¬ 
ing of the sulfur atoms with cobalt atoms in the inter¬ 
stices (Figure VH, l). In it Co (l) atoms are surrounded by 

octahedra of sulfur atoms at a distance of 2.48 A., Co (2) 
by four much nearer (2.14 A.) sulfur atoms. The sulfur 
atoms are 3.64 A. from, one another. 

with The mineral Pentlandite, (Ni,Fe) e Se, is isomorphous 


a o = 10.02 A. 


(V, h4). 


tale. Two of III carbonyl, Fe 2 (CC) 9 , forms 
tributed with molecules are in each unit 

packing ^ the P ° intS of a 

P cKing. The dimensions of this cell are 




crys 

cell, dis¬ 
close 


e. 45 A., 


= 15.98 A. 


ssiSlt f ° llowin e structure, 

cT P - a - ate ; o 


developed from C© ft 2 (CCo 111 )* 
the carbon and oxygen atoms 
as We ll as to the atoms of irons 


t page 44 



V . 


COMPOUNDS 


R X 

m n 


(f) ±(1/3, 2/3, w; 2/ 3 , 1/ 3 , w + 1 / 2 ) 


C(l): (h) ± ( u, v, 1 / 4 j v, u -v, 

°« 32, v ( C) = 0.86 

C(2) : (1) ± >> z: 5, x-y, Z ; 


wl til w — 0 o 17 7 


1 / 4 ; v-u,u, 1 / 4 ) with U(C) 


z+ 1/ 2; x-y, x, z+ 1 / 2 ) , 
0.43, z ( C) = O.il. 


X, x, z; x, y,z+l/ 2 ; y, y- x 

wi til x ( C) = 0 o 35, y ( c) - 


° (1): (h) ’ wlth u ^°) ~ 0.315, v(0) = 0 . 055 . 

0(2): (i), with x( 0 ) = 0 . 36 , y( 0 ) = 0 . 285 , 

The Te 2 (cC) Q molecules in this structure 


z (0) = 0o 07 


har 1 " e .2' CC ^9 molecules in this structure hay'e the 

pe and interatomic distances shown in figure VH f 2. 



V. COMPOUNDS R X 

m n 
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V . 


COMPOUNDS R X 

m n 



TABLE V A,1. (3) 


Crystal 


Mn Ti0 n 
Nd 2 0 3 

N 1 3 S 2 

N1 Tl 0 3 

P r 2 0 3 


Typ e 
FeTlOn 

L a 2 C * 

Fe Tlo ^ 
L a 2 0 q 


Table Paragraph 


11 
i; 
i; 
11 
i 


Literature 


1935, L; 
1938, W 


1939, B 


Rt) 4 0 g 
Rh. 2 O 3 
S a 2 0 3 
S t) 2 0 3 
Sb 2 0 3 

valentlnlte 


v,gl 


C r 2 0 3 
Tl 2 0 3 
A S 2 0 3 


1939,H&K 

I 

I; 1939, B 
I; 1942, A&W 
1936, B 


S b 2 S 3 

stlbnlte 

S c 2 C 3 

Tb 2 0 3 

TI 2 O 3 


T1 2 0 3 
T1 2 0o 

Cr 2 0 3 


10 


1 ; 11 


I ; 19 39, B 


TI 2 O 3 
Tm 2 0 3 
V 2 O 3 
Y 2 0 3 
P b 2 0 3 

Yb 2 0 3 

Zn 3 A s 2 

Zn g N 2 
Z113P2 


T 1 2 0 * 
T1 2 0 9 
C r 2 0 3 
TI 2 O 3 


TI 2 O 3 

Z 1 I 3 P 2 

ti 2 o 9 

zn 3 p 2 


1 ; 

1 


19 39, B 


1937, C, S&Q; 1941, G 

I; 1939, B 

I, II; 1933, p; 

1935, S&P 

1940, J &H 

I, II: 1933, P; 

1935, SAP 


table P*S e 




v. COMPOUNDS R X 

_ m^n 


TABLE V A, 2. 

CRYSTALS WITH 

the hexagonal 

La 2 

0 3 ARRANGEMENT 

(V.al). 

Crystal 

a o 

c o 

C e 2 0 3 

3 • 8 8 0 A 

« . 0 57 A 

L cL ^ 0 

3. 945 

6 . 15 1 

Nd 2 0 g 

3.841 

6.009 

P r 2 0 ^ 

3.85 1 

5.99 6 

M g n B 1 2 

4 .666 

7.40 1 

Mg*» Sb 2 

4. 573 

7. 229 


Chap. V. table page 5 



V . 


COMPOUNDS R X 


TABLE V A,3. CRYSTALS WITH THE CUBIC 


STRUCTURE (V,a2). 


Crystal 


Dy 2 o r* 

Er 2 0 3 
Eu 2 0 3 

(Fe,Kn) 2 0 3 
b1x bylte 
Gd 2 0 3 


10.63A 
10.5 4 
10.84 
9.365 


10.79 


K O 2 0 3 

I n 2 0 3 

L U 2 0 3 

Mn 2 0 g 

S a 2 0 3 


10.58 
10 . 12 
10.37 
9.41 
10.85 


S c 2 0 3 
Tb 2 0 3 

T 1 2 0 3 
Tm 2 0 3 
Y 2 03 


9.79 
10.57 
10. 57 
10 .52 
10.60 


Yb 2 0 3 

B e 3 N 2 

Be 3 P 2 

Ca 3 W 2 

Cd 3 N 2 

MggA S 2 
^gg^2 

Ng 3 P 2 

Zn 0 N 2 


10.59 

8 . 13 

10.15 
10.40 
10.79 

12.33 
9.95 
12 . 0 1 
9. 743 



V . 


COMPOUNDS R X 

m^n 


TABLE V A, 4. CRYSTALS WITH THE TETRAGONAL 


Zn 3 P 2 STRUCTURE 


8-molecule Cell 


Crystal 


o 


o 


16-molecule Pseudo-cell 


Cd fl As 

CdaP 2 

Zn 3 As 
ZlloPo 


12. 65A 
12. 28 
11.76 
11.45 


12. 6 6 A 
12. 36 
11.77 
11.45 


12. 6 5 A 
12. 28 
11.76 
11.45 


TABLE V A, 5. PARAMETERS OF THE ATOMS IN Zn 3 P 2 


Atom 


P o s 1 11 o n 


P ( l) 

P (2) 

P (3) 

Zn(l) 
Zn ( 2 ) 
Zn ( 3 ) 


0 


261 


0 

1 / 2 
0.261 
. 28 3 
. 2 17 
. 250 


0 


0 


Chap. V, 


table page 
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COMPOUNDS R X 

m n 


Iff Y V A '®; cryst als with the rhombohedral 

Cr 2°3 (V,a4) AND ILMENITE (V,a5) STRUCTURES 


Cry s tal 

a o 


a 

a-Al 2 0 3 

5, 13A 

55° 

6 ' 

c o rundum 




Cr 2 0 3 

5. 38 

54 

50 ' 

®- Fe 2 0 3 
heina 111 e 

5. 4135 

55 

17 ' 

Ga 2 0 3 

5. 28 

55 

35 ' 

RR 2 0 3 

5.47 

5 5 

40 ' 

Ti 2 0 3 

5. 37 

56 

48 ' 

V 2 0 3 

5.4 3 

53 

5 3 ' 

Cd Tl 0 3 (low) 

5.82 

53 

3 8 • 

Co T10 3 

5. 49 

54 

42' 

Fe Tl0 3 

5.52 

54 

49 ' 

LICb0 3 

5. 47 

55 

43' 

H g T 1 0 3 

5.54 

54 

39 ' 

MnT10 3 

5. 62 

54 

16 » 

N 1 Tl 0 3 

5. 45 

55 

8 » 


TABLE V A, 7. PARAMETERS OF THE ATOMS IN Sb 2 S 


Atom 

P o s111 on 

X 

y 

z 

Sb ( 1) 

( c) 

cc 

C\2 

CO 

• 

o 

0.0 3 1 

1/4 

Sb ( 2) 

( c) 

. 539 

. 351 

1/ 4 

S(l) 

( c) 

.883 

. 0 47 

1/4 

S(2) 

(C) 

.56 1 

. 8 7 5 

1/4 

S( 3) 

(C) 

. 194 

. 20 8 

1/4 

TABLE V 

A, 8 . PARAMETERS 

OF THE 

atoms jn 

^ r 3^2' 

Atom 

Posltlon 

y 
+ • 

J 

z 

Cr ( 1) 

Cr ( 2) 

Cr ( 3) 

C( 1) 

C ( 2) 

( c) 

(c) 

(c) 

(c) 

(c) 

0. 40 6 
■0 .230 

0.070 
. 109 

0.057 

0.03 
. 175 

-0.150 

-0.100 

. 217 

1/4 
1/ 4 
1/4 
1/ 4 
1/ 4 


Chap. V, table page U 



v. COMPOUNDS R X 

m n 


TABLE 

v A , 9 . MISCELLANEOUS 

R 2 X 3 COMPOUNDS 


Crystal 

Symmetry a Q 

b o 

c o 

r- 

Ag 2 0 a 

Cublc 9. 8 2-9. 9 2A 




B 2 0<| 

Cubic 10.035 




B 1 2 0 n 

Monocllnlc 5.83 

CO 

c 

h* 

w 

0 

CD 

90 0 

0-Ca p N 2 

5.83 

8 . 14 

CO 

• 

07° 

Pseudo- 3.553 

— 

4 o 11 



hexagonal 




Cdp St )2 

Monocllnlc 7.20 

13c 51 

6.18 100 ° 

Co 2 0 ^• 2Fg 2 0 g 

Cubic 8.35 


_ 


Fe 2 0 3 

Hexagonal 5.09 

— 

4c 41 

— 

P b 2 0 3 

Monocllnlc 7.03 

5c 62 

3o 93 

\ 

82° 


Chap . 


V, table page 
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V. COMPOUNDS R X 

m n 



YCKOFF: CRYSTAL STRUCTURES 


TABLE V B,1. ( 2 ) 


Crystal 

Fe 3 P 

( Fe, Nl, Co) 3 P 
( Schrelb erslte) 

KnAS 

KflBl 

KN 3 

Kj, Sb 

I a 

IliAs 

3-LlaBl 

LI 3 N 
LI 3 P 

a-LlaSb 

3“L 1 a Sb 

MoO a 
NH 3 

nh*i 3 

nh*n 3 

Na a AS 
Na 3 Bl 
NaN 3 

Na 3 p 
Ha n Sb 
NdF n 

N1 3 N 

ph 3 

PI a 
PdF 3 

PrF 3 

RhF 3 

Re0 3 


Tabl e 


Paragraph 


Literature 


10 

10 


10 


9 

9 

8 

10 


I 

II 


18 

1937, B&Z 

18 

1937,B&Z 

VI, ai 

V, b 18 

19 37, B&Z 

15 

I 

18 

19 37, B&Z 

13 

19 37, B&Z 


I; 1935, 5 

18 

19 37, B&Z 

18 

19 37, B&Z 

13 

1937,B&Z 

6 

I I 

10 

I. II 

, ai 6 

Ip as 

r , b 18 

19 37, B&Z 

IP 

1937,B&Z 

r I , a 7 

, b 18 

1937,B&Z 

18 

1937,B&Z 

15 

I 

— 

1943, J&S 

10 

II 

12 

I I 

2 

II 

15 

I 

2 

I I 

5 

II 


Chap 


v * table page 16 




COMPOUNDS R m X n 


TABLE V B,2. CELL DIMENSIONS OF RHOMBOHEDRAL 

RX 3 CRYSTALS 


Crystal Unimolecular Cell Blmolecular Cell 


Hexagonal Pseuclocell 




a 

a o 

oc 

V 

c 1 

0 

Asia 

B 11 3 

CrBr 3 

— 

— 

8 . 25 A 

51°20' 

7.187A 

21. 39 A 

— 

—— 

8 . 13 

7.05 

54°50' 
52°36 1 

7.498 

6 . 26 

20.68 

18.20 

FeCl s 


— 

6 . 69 

52°30 1 

5.92 

17.26 

Sbl 3 


— — 

8.18 

54°14 1 

7. 466 

20.89 

aici 3 

-— 

_ _ 



5o 9 1 

17.52 

Crci s 

— — 

— 

— 

— 

6.00 

17. 3 

A1F 3 

3. 51 

88°40 1 

5.029 

58°31' 

4.914 

12. 46 

cof 3 

3. 564 

87° 20 1 

5. 30 

57°0' 

5.061 

13.26 

FeF 3 

3. 756 

88°14' 

5. 30 

58°0' 

5.201 

13. 32 

PdFg 

3. 758 

6 4°£9 1 

5.56 

54°0 1 

5.053 

14. 16 

RI 1 F 3 

3. 62 

84°48 1 

5. 34 

54°20' 

4.878 

13. 62 

Sc Eg 

4.023 

89°34' 


— 

5. *67 

7.0 17 



V. COMPOUNDS R X 

ra n 

TABLE V B.3. PARAMETERS OF THE ATOMS IN CrCl 


Atom 

P osltion 

X 

* 

z 

Cr ( 1 ) 
Cr(2) 

Cl ( 1) 

Cl ( 2) 

Cl (3) 

(b) 

(b) 

(c) 

( ci 
(c) 

2/ 9 

5/ 9 

2/ 9 
-4/9 
-1/9 

4/9 

1/9 

4/ 9 

1/9 

-2/9 

0 

0 

0 .26 

. 2* 

. 26 


TABLE V B, 4. PARAMETERS OF THE ATOMS IN M 0 O 3 . 


A tom 

u 

V 

M 0 

0.086 

0.099 

0 ( 1) 

.08 6 

. 250 

O (2) 

. 58 6 

.099 

0 ( 3) 

. 58 6 

. 431 


TABLE V B, 5 . PARAMETERS OF ATOMS IN AICI 3 . 


A torn 

X 

y 

z 

Cl ( 1) 

1/9 

21 9 

0.260 

Cl (2) 

4/9 

8/9 

. 260 

Cl (3) 

7/9 

5/9 

. 260 

TABLE V B, 6 - 

PARAMETERS 

OF THE 

ATOMS IN Al(OH) 3 . 

Atom 

X 

y 

z 

A1 ( 1) 

0 . 176 

0.520 

-0.005 

A1 (2) 

. 333 

. 0 20 

-0.005 

0(1) 

. 181 

. 205 

- 0.110 

0 (2) 

. 681 

. 671 

- 0.110 

0 (3) 

. 515 

. 131 

- 0 . 110 

0 ( 4) 

-0.0 15 

. 631 

- 0.110 

0 (5) 

. 298 

. 70 1 

- 0 . 100 

0(6) 

. 8 38 

. 171 

-0.100 



V . 


TABLE V B,7 


Atom 


COMPOUNDS R X 

m n 


PARAMETERS OF THE ATOMS IN y-SO 


s ( 1 ) 
s ( 2 ) 

S(3) 

0 ( 1) 
o ( 2) 

-0.075 

-0.146 

0.078 

-0.086 

-0.154 

0.119 

. 346 

• 30 3 

. 175 

. 375 

0.191 

.0 17 

.074 

. 415 

. 2 6 0 

0 (?) 
0(4) 

0.071 

-0.153 

. 350 

. 194 

. 328 

0 

0 (5) 

-0.090 

. 0 10 

. 157 

0 (6) 

0.042 

. 163 

. 079 

0(7) 

. 175 

. 318 

.0 66 

0(8) 

-0.022 

. 364 

-0. 079 

0(9) 

-0.219 

. 397 

-0.157 


TABLE V B , 8 . CRYSTALS WITH THE HEXAGONAL CeF 3 STRUCTURE 


Crystal 


Ce Fo 

7. 114 A 

7.27 3A 

( Ce, La) f 3 

7. 124 

7.280 

tysonlte 

L 8 . P 3 

7. 163 

7.329 

N d F 3 

7.021 

7.196 

P r F n 

7.061 

7.218 

Sa F 3 

6.98 

7. 15 


v. 


table page 23 



V. COMPOUNDS R X 

m n 


TABLE V B, 9 . CRYSTALS WITH THE HEXAGONAL 

Na 3 As STRUCTURE. 


Crys tal 

a o 

c o 

K 3 As 

5.782A 

10 . 222 A 

K 3 B1 

6 . 178 

10.933 

K 3 Sb 

6.0 25 

10.693 

LI 3 As 

4.387 

7. 8 10 

LUP 

4. 264 

7.579 

a-L1 3 Sb 

4.70 1 

8.309 

Na 3 As 

5.088 

8.982 

Na 3 Bl 

5. 448 

9.655 

N a 3 P 

4.980 

8.797 

Na 3 Sb 

5 • 35 5 

9.496 



V . 


COMPOUNDS R X 

m n 


TABLE V B,10 . MISCELLANEOUS RX3 COMPOUNDS 


* * 


Crystal 


S j rnip etr> 

a o 

c o 

M 

Cr 3 P * 


Tetragonal 

9. 126 A 

4.5 ^0 A 

Q 

Cu 3 AS** 


H exa gonal 

7.088 

7. 2?2 

6 

Cu a P ** 


H e xa gonal 

6.942 

7.098 


Cu n Sb 


Cubic 

* .00 

— 

— 

Fe 3 P * 


Te t ragonal 

9.09 

4.44^ 

8 

( Fe, V 1, Co) a P 

* 

Tetragonal 

9.01 

4 . 42 

8 

Sclireiberslte 

L1»W * * * 

Hexagonal 

Z . 6 58 

3.882 

1 

KlpN * * * * 


Hexagonal 

2.664 

4.298 


Probable 

A structu 

space group S 4 2 

re has been d e s 

• 

c ri bed fo 

r these cryst 

bu t later 

a a 

ta conflict 

with t h i s 

a n d m a k e 

i t 


* * * 


* * * * 


imp robable. 

A structure has been describes which places N 
atoms in the origin and Li atoms in 0,^, 1/2, 

1 7 3 , 2 / 3 , 0 ; 2 / 3 , 1 / 3 , 0 . 

The structure ol Ni^N is the same as that 
€ -phase of the Ft - N system. Probably the i 
atoms are close packed, but if the Ni - N system 
resembles the Fe - N system, NipN is n 
de fini te compound. 


ri 



Chap- V, 


table page 
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v. COMPOUNDS R X 

m n 




V . 


COMPOUNDS R X 

m n 


TABLE V C. 2 . CRYSTALS WITH THE CLBIC SnL 

STRUCTURE (V,cl). 4 



Crystal 



a 





0 


CBr 4 (above 47 

0 C) 

1 1 

. 3 4 A 


Gel 4 


11 

. 89 


SI I 4 


1 1 

. 9 Q * 


Sn I 4 


12 

. 23 


TIB r 4 


11 

. 2 50 


Ti I 4 


12 

. 002 


Z r C1 4 


10 

. 32 

TABLE V C,3. MISCELLANEOUS 

RX 4 

COMPOUNDS 

Crystal 

Symme try 


b o 

c o 

CB r 4 (low) 

1; 0110 c 1 ini c 

31*12 

1 2 0 2 « 

24.14 

Fe ( CO ) 4 

! ‘ 0 n 0 c 11 n 1 c 

M 

03 

• 

O 

O 

11.41 

11.41 

Hf F 4 

Mono cl inic 

9 . 45 

9 * 8 4 

7.^2 

SI F 4 (- 170° C) 

Cubic 

5.41 

— 

— 

UC1 4 

Cubic 

14.58 * 

— 

— 

W 4 P 

Hexagonal 

6. 18 

— 

6.78 


2 5 0 3 ' 
P 5° 35 
9 4 0 29 


* 24 molecules per cell. 



V. COMPOUNDS 


RX 

m n 



Crystal 


P 2 0 e 

me tas table 

P stable 
V 2 0 6 


COMPOUNDS OF THE TYPE 


Compounds of the Type R 0 x 

2 5 


Tabl e 


Paragraph 


I 1te rature 


V, dl 


1941, D&MG 


d2 

d3 


19 41, D 
1936, K 


Compounds o f the Type px 


P B r 5 
PC1 6 


e 2 

e l 


19 43, D&MG 

1940, F, W&M; p, C&W 
19 42, C, P&W 


Compounds of the Type px 


BaBg 

CaBfj 

CeB a 
Cr(CO)a 
ErB e 


GdBa 

L aBa 
MO(CO)a 
NdB e 
PrB e 

SrB a 
Te(OH)a 
cubl c 
Te(OH)a 
mono clinic 
ThB 0 

W(C0) e 

WCla 

YB a 

YtB a 


VF, 1 
F, 1 
F, 1 


F, 1 


F, 1 
F, 1 


F, 1 
F, 1 


F, 1 


F, 1 


F, 1 
F, 1 


f 1 

I I 

f 1 

I I 

f 1 

I I 

f3 

1925, RAH 

r i 

I I 

r i 

I I 

f i 

I I 

r 3 

1925, F&H 

f i 

I I 

f i 

I I 

r i 

I I 

r 2 

I; II; 19 24, 


1925, p; P&B 

— 

11; 19 24, OAK 

r i 

i; ii 

f2 

1925, P&H 

f 4 

1942, K&O 


f 1 
f 1 


I I 
I I 


table p«B e 33 


WYCKOFF: CRYSTAL STRUCTURES 


TABLE V D,l. 


Crystal 

A1 4 C 3 
Co 3 0 4 
Co 3 S 4 
Fe 3 0 4 
Ge 3 M 4 

l / ln 3 04 
(Mn, Fe ) 3 0 4 

a-vredenburglte 

N 1 3 S 4 

Pb 3 04 
P 13 0 4 


Th 3 D 4 


Tabl e 


H, 1 


Miscellaneous Compounds 


(Fe(CN ) 2 )3 
Cr 7 c 3 
Mn 7 C 3 

Blj^Teg 

(hedley1te) 

C S 4 0 g 

Pb 4 o a 

Cr 2 3 Cg 

Mil 2 3 Cg 

Tb 40 7 
Co e S B 


H. 1 


H, 1 


H, 1 


(Nl, Fe) e S g 

Pentlandi te 

C S Cg 


H, 1 


( 2 ) 


Type 

R 3 X 4 

igraph 

LIterature 

g4 

II; 1955, S, S, P&S 

t bi 

— — 

iM 

— — 

, bl 

1939,JAH 

, ba 


, b 2 

— 

, bl 


, g3 

1941, G; 1942, S; 

19 4 3, C- 

g 2 

1941, GAR 

gl 

19 30, S, BAM; 19 39, 
M 

pounds 

R X 

X y 

I 

h 2 

19 35, W 

h 2 

1935, W 

19 46, WAP 

gl 

1939,HAK 

gl 

19 39, HAK 

hi 

II 

hi 

II 

I 

h3 

II; 19 36, HAW; L, 

LAW 

h3 

19 36, L, LAW 

II 
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TABLE V D,l. ( 3 ) 


Crystal 

KC a 

RbC e 

Fe 2 ( CO) 9 

P r e 0 i i 

W 4 0n 


Tabl e 


H, 1 
H, 1 


H, 1 

H, 1 


Paragraph 


h4 


LIterature 


II 
11 

I; 1939,P&E 

I 

II 


AlBj 2 

(diamond-like) 
AlBi 2 

(graphltic,I) 
A1B 12 

(graphltlc,II) 
C s C i q 

KCje 


H, 1 


H, 1 


H, 1 


H, 1 
H, 1 


1936, N 


19 39, H&W 


1939, H&W 


II 

II 


RbC 


la 


H, 1 


I I 
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TABLE V D,2. PARAMETERS OF THE ATOMS 

IN METASTABLE P 2 0 5 (V.dl). 


Atom 


Po sitlon 


P (1) 
P (2) 
0 ( 1 ) 
0 ( 2 ) 
0 ( 3) 

0(4) 


X 

y 

Z 

0 . 130 

0 . 130 

0 . 130 

. 122 

- o . 192 

- 0.061 

. 236 

0 . 2 36 

0.236 

- 0.055 

.061 

. 228 

0.0 55 

- 0.061 

- 0.228 

. 225 

- 0.347 

- 0.114 


Atom 


TABLE V D, 3. PARAMETERS OF THE ATOMS 

IN STABLE P 2 0 5 (V,d2) . 


Position 


z 


(b) 

0. 075 

0.083 

0. 163 

(a) 

0 

0 

0 

(b) 

. 114 

. 178 

. 089 

(b) 

. 30 8 

. 411 

. 133 


Vtom 


TABLE V D, 4. PARAMETERS OF THE ATOMS 

IN v 2°5- de¬ 
position x y z 


o 



o 


0.097 
. 46 
. 0 3 
. 06 
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TABLE V E, 1. PARAMETERS OF 


THE ATOMS IN PCI 


Atom 

Po sitlon 

X 

y 

z 

P (1) 

P (2) 

Cl(l) 

ci ( 2 ) 

C1 ( 3) 

(a) 

(c) 

(c) 

(c) 

(g) 

1/ 4 

1 / 4 

1/ 4 

1/ 4 

0. 31 

1/ 4 

3/ 4 

3/ 4 

3/ 4 
0.084 

0 

-0. 38 

-0. 10 

0. 34 

. 16 

Cl ( 4) 

( g) 

. 336 

-0.0 46 

-0.38 

TABLE 

V E,2. PARAMETERS OF 

THE ATOMS 

IN PBr 5 

Atom 

Posltlon 

X 

y 

z 

P 

Br (1) 

Br (2) 

Br (3) 

Br (4) 

(d) 

(d) 

(d) 

(e) 

(d) 

0. 0 3{5 

. 211 

. 164 
. 268 

. 606 

0 . 126 

.0 38 

. 237 
. 123 

. 400 

1/4 
1/4 
1/4 
0. 040 
1/4 
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TABLE V F, 1. CRYSTALS WITH THE CUBIC CaB 

STRUCTURE (V,fl). 6 


Crystal 

a o 

B a Bg 

4. 28 A 

CaB© 

4. 145 

CeB e 

4. 129 

E rB e 

4. 102 

GdB© 

4.12 

LaBg 

4. 145 

NdB e 

4. 118 

PrB e 

4. 121 

S rB© 

4. 19 

ThB e 

4. 15 

YB e 

4.07 

YtB© 

4.13 
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TABLE V H. 1. 


MISCELLANEOUS R x X y COMPOUNDS. 


Crystal 


(Fe(CN) 2 ) 

3 

Ge 3 N4.* 

Te(OH) e 
(aid form) 

Bli4.Te Q 

(hedleyl te) 

Tb 4 0 7 


Symmetry 


Cubl c 

Hexago¬ 
nal 
Mono¬ 
clinic 
Hexago¬ 
nal 
Cubl c 


'0 


0 


15.9 

8.565 — 


30. 68 


10.65 


0 


d or 3 


107°45' 


5.54 9.30 9.74 104°go 


M Remarks 


6°26 1/2' - 


2h 


CsCb 

KCe 


RbCa 

Pr e 0n 

W 4 O 11 


Hexago¬ 

nal 

Hexago¬ 

nal 

Hexago¬ 
nal 
Cubl c 
Tetrago¬ 
nal 


4.94 


4.9 4 


4.94 


10.98 

7.56 


23.76 


21. 34 


22.73 


3.735 


aib 12 

(diamond- 

ilk e) 

A1B 12 
(gra¬ 
phitic, i) 
A1B 12 
(gra¬ 
phitic, ii) 

Bio Hi 4. 


Csc 


18 


KC 


18 


HbC 


18 


Tetrago 

nal 


Mono- 
cllnlc 



nal 

Ortho- 
rhomblc 



nal 



nal 



nal 


12. 56 


10. 28 


4.94 


4.94 


4.94 


10. 18 


8.60 10.98 7.38 143°29 


14. 30 


14.46 20.85 5.69 


18.51 


17.45 


17.95 


The structure of Ge^N^ is like that of phenac - 


Chap. V, table page 


43 


19 


8 


2 ' 


D 


411 


12 


2h 


c 4 


6 


21 


n 


De2SiO^. 
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y 


x 


EX 


235)463 


<37 


,765 


. 37 —f (-765 


QD 


235)+-.63 


XB 


Fig. VA,la. A proj ect ion on its base of atoms 
in the hexagonal unit of La 2 0 3 . The smaller cir¬ 
cles are the metallic atoms. 
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E 


Fig. VA, lb. A packing projection of the La 2 0 

tructure on the dot-and-dash diagona 


Figure VA, la. Letters 
in the two drawings, 
oxygen atoms. 


. refer to the same atoms 
The larger spheres are the 



COMPOUNDS R X 


12 






:I4 


.14 


.14 


.12 






.14 


Fig. VA,2a. A projection on a cube face of 
half the contents of the unit of the complicated 
bixbyite, or TlgO^, structure. The larger circles 
a.re the oxygen atoms. 






of Figure 


VA,2b. 
5 VA, £ 


A packing dr,awing of the aton,s 
when given their 
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Fig. 
VA, 7a 


Sb 2 S 3’ 

b axes 
in the 
atoms 


VA, 7a. A projection of the atomic ar- 
t in the orthorhombic cell of stibnite, 
on its c- face. The crystallographic a and 
are the X and Y axes of the description 
text. The small circles are the sulfur 
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Fig. 

VA, 7b 
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. VA,7b 
shown in Tigu 

neutral radii, 
antimony atoms. 


A packing drawing of theaters 
= v A 7a if they are given their 
'the larger spheres being thus the 
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VB, 9a 
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B, 9b 








V . 


COMPOUNDS R m X n 




.35 


0 Yi35X 0 



±.15 


±.35 


5/5 


±35 


a 




Fig. 
VB, 10a 


VzV\5 


Vz X*.I5 


*.35 



Fig. VB, 10a. A projection on a cube face of 
atoms in a unit of CoAsg. The smaller circles 
are the cobalt atoms. 
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Fig. 
VB, 10 b 
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U&fca 


Fig. VB, 10b. A packing drawi J 6 hfv^re^i^n 
atoms shown in Figure VB, 10a, if y 
their neutral radii. The 1ine- shadowed spheres 

are the cobalt atoms. 
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675 1.175 i 


.175 .325 


04 ( .46 ) (.13 


(.63 


.175 .325 


Fig. 

VB,12a 


37 


(. 87 ) (.504104 


(. 6751175 ) 


- a 


Fig. VB, 12a. A proj ection.of the atomic con¬ 
sents of the orthorhombic unit of cementite, Fe^C, 
)n its b-face. In this representation the a Q , 

and c Q axes are the X, Y and Z axes of the des¬ 
cription in the text. Large circles are the iron 

itoms. 
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Fig. 
VB,12b 
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A packing drawing of the 

^ n _ _ _ — - 4 - Am o ^ 


•R-5 rr l/R l?h A paCKing Uiarr^o - 
,re of ’ F™c" f ihe iron and carbon a« 
ieir elementary radii. 


struc- 
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Fifi. VC, 1. Atoms of three of the eight rno1 ® 
les fn the unit cube of Snl 4 projected on a cub 
ce. The insert shows how these molecules pack 

gether if the atoms have their ionic sizes. 
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Fig. VF, la. 
jected on a cube 
boron atoms. 


Atoms 
f ace. 


in the unit of CaB 6 pro- 
The small circles are the 


* N.V *1 
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• • * v 
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Fig. VF, lb. A packing dra»ing t C e f r t^ u C= a B f 

structure if the atoms are g Qtnrn a t the 

radii. m this figure the calcium^ atom at t 
origin of Figure VF, lb is at the center 

drawing. 
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CHAPTER VI. 

STRUCTURES OF THE COMPOUNDS R(MX 2 ) 


Many of "the chemically more complicated crystals to b 
discussed in this (Table VI,l) and the following chapters 
are built of complex ions arranged in the ways already de 
scribed for simple substances. In as far as it is feas¬ 
ible to do so these more complicated structures will be 
grouped for discussion so as to bring; out their relation¬ 
ships with the simple arrangements. 


IONIC COMPOUNDS 


(VI,al) . The acid fluorides and trinitrides of potas¬ 
sium and other large cations have CsCl-like arrangements 
of tetragronal symmetry. Their unit prisms contain four 

molecules and have the dimensions of Table VI, 2. In the 

_ . . • • 1 


of 

T) 10 

(14/mcm) : 

K: 

(a) 

± (0, 0, ^) ; B. C. 

H: 

(d) 

0,p,0; 12,0,0; B.C. 

F: 

(h) 

± (u, u+ 12 , 0; i-u, u, 0) ; 


B. C 


The fluorine 
ieads to the 
°T 2.26 A. 


parameter u has been determined as 0.1408; 
very short F to F distance through hydroge 


it 


The unimolecular pseudo-cell in whic po / ax i s 

2 ic, ns are distributed in CsCl-like array , es t hat 
lla 't is half the length of the c 0 axis an having 

! re half ^ ^ee diagonals of the square cell-base n h coi/ 


a 

uinns 
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other acid fluorides discussed in this chapter offe 
of the best known examples of the hydrogen bond and 

reduction in interatomic distances it effects. 


s one 
of the 


The positions of the atoms in the CNO ions of KCNO 
have not been accurately determined; but since the carbon 
and oxygen atoms are not alike and the intermediate nitro¬ 
gen atom is presumably not exactly midway between them at 
(d) of , its space group has less than holohedral 

symmetry. 

Careful studies of KN S have led to a structure (Figure 
VI, l) strictly analogous to that of KHF 2 . With u = 0.133 
this results in a linear N£ ion having two equal N-N sep¬ 
arations of 1. 15 A. If the trinitride ion should be asym¬ 
metric in this crystal, as it has recently been said to be 
in NaN 3 , then the correct space group may be expected to 
be the same as that needed to describe KCNO. 


(VI,a 2 ). Crystals of ammonium hypochlorite, NH 4 C 102 , 
have a tetragonal structure which appears to be a different 

variant of the CsCl arrangement. The assigned unit is di — 
rather than tetramolecular with the dimensions: 


^o 0.33 A* , 


= 3.76 A. 


Atoms have be 
C 4V 2 (P4bm) : 


(P4bm): 


NH 4 : 

(a) 

Cl : 

(b) 

0 : 

(c) 


en given the following special positions of 


Mi*: (a) 0,0,0; 15 , 15 ,0 

Cl ; (b) 15, 0, w; 0 , i£, w, with w = ca 4 

0 : (c) u,u+ip,v; u,^-u,v; u+^, u, v; ^-u,u, 

with u - ca 0.15, v = ca This arrangement (Figu 

may well be correct, but additional work is needed. 


VI, 2) 
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(VI,a5). The tetramolecular 
AgNg, KCFS and T1C1IS are similar 
of the tetragonal KN a . 


orthorhombic units of 

in size and shape to that 


VI a 


In the case of Agl\j a this similarity is said to extend 
to the atomic arrangement. Its unit has the dimensions: 


a 0 ~ 5. 58 A. , 


o 


= 5. 93 A. , c 0 = 6.04 A. 


Atoms have been assigned the following special positions of 
h 


(ibam) : 




Ag : 

(b) 

1 o -!• 

4) 

i n - 3 . 

F(l) : 

(c) 

O 

o 

o 

^ • 

n|a 

e* 

O 

rv 

O 

F (2) : 

(.1) 

± (u, V, 

0 ; u,v,i 


B. C. 


B. C 


with u = v = 0. 145 


If the trinitride ion is asymmetric then the foregoing 
structure (Figure VI, 3) is only approximately correct. 

(VI,a4) The thiocyanates mentioned in the preceding 
paragraph do not have the same structure as Agh 3 . In fact 
two differing arrangements have been deduced for KCI\S. 

Both of these are based on V h 11 (Pbcm) and have atoms in the 
same special positions, but the axes follow a different se 
quence and the parameters chosen lead in one case ( j o a 
linear, in the other (B) to a V-shaped ChS froup. ' en . ® 

axes are rearranged to apply to the same space group one 

tation, these cell dimensions are: 

, = e. 635, Co = 7.58 A. 


For 

For 


= 6.6£ A. , b 


cio 


= e. 65 a., bo = 6,67 A,, c 0 7.54 A 


The atoms in each arrangement have the coordin 


IS], C and 


with the 
said to 


satis 


± (w, 5 , 0 ; w, h) 

(u,v,i; u,v+4,i) 

,, vt Both structures are 

of Table VI,3. existing 

~ + ory agreement with the exi 
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VI 


COMPOUNDS R(MX 2 ) 


n 


(^-* a 5) . The orthorhombic ammonium salts NH HF 
NH*N 3 exhibit still a different distortion o? thfc 


rangement. Their tetramolecular unit 


2 and 
sCl ar 


For NH 4 .HF 
For NH*N 3 


a 


o 


8.33 A., 


a 0 = 8 . 930 A. , 


ar 

unit prisms 

are: 


= 8 . 14 A. , 

Co = 

fro 

= 8.642 A. , 

Co = 


= 3. 68 A. 
= 3.80C A 


In NH 4 HF 2 the atoms are in special positions of V h 7 (Pman) 


NH 


H 


F (1) 
F (2) 


(p) i ( 4 » 4 ,u; 4 , 4 , u) 

(a) 0 , 0 , 0 ; ^,p -,0 and (b) ^, 0 , 0 ; 0 ,p ,0 

(e) ± (v, 0 , 0 ; v+^,^, 0 ) 


(h) 


( 0 , t,w; h,h~ t,w) 


with the parameters u = 0.560, v = 0.142, t = 0.368, and 
w = 0.135. As is evident from Figure VI, 4 the CsCl-like 
pseudo-cell has half the a 0 and b Q axes of the true unit. 
The HF;J ions are oriented so that each NH 4 group has four 
close fluorine neighbors at a distance of 2.76 A. This is 
approximately the ionic sum of the atoms involved; it is 
not the especially short distance that would be expected 
if the hydrogen atoms of the ammonium ions were active in 

providing; hydrogen bonds. The F—H—F distance, 2. 06 A., 
is slightly greater than in the other acid fluorides dis¬ 
cussed in this chapter. 

The structures of NH 4 .N 3 and NH 4 .HF 2 are undoubtedly 
lated to one another as are those of the correspon ing 
Potassium salts. The trinitride NH 4 .N 3 has been given the 

structure outlined above with u - 0. 533, v * ’ e t- 

‘ • 0 . 377 , and w » 0 . 120 . This leads to ah almost symmet 

l0n With K(l) - N(2> 8 “S2 A ipwaris! 

J :* 17 A -, and to N — NH 4 separations of 2- 9 J 

f the ion has the asymmetry descri te and the 

these paramete rs cannot be more than approximate an 
corrpot „___+ of lower symmetry. 


VI a 
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(VI,a6). The orthorhombic structure proposed 
monium hypophosphite, NH 4 H 2 P0 2 , is a more serious 

tion of the CsCl arrangement. Its tetramolecular 
the dimensions: 


for am- 
distor- 
unit has 


a 0 = 7.57 A., b 0 = 11.47 A., c Q = 3.98 A. 

the a D and b Q axes being twice the lengths of the CsCl- 
pseudo-cell. The space group is V>j 21 (Cmma) and atoms 


in 

the 

positions 

• 

» 

N: 

(a) 

± 

(i) 0,0; 


P: 

(p) 

± 

(0,i, w; 

4 , w) 

0: 

(m) 

± 

(0, u, v; 

v; 

0. 

542, 

u : 

= 0,136 

and v 


like 

have 


u+i, v) 


w. u - u.xod and v = 0.348. In the original 

description of this structure (Figure VI,5) the hydrogen 

atoms were put in (n) x.i.y; etc. to form tetrahedral 

X° 2 ITl v° UrSe SUCh hydro P en positions cannot be 

Yilll * the X- r ay data. The significant interatomic 

Bio Tnn Th = o * f A * ’ °“° = 2 * 62 A ‘ within the 

22 nd K 0 2.82 A. between Nil* and H 2 P0 2 ions. 
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n 


(VI, a7). The structure possessed by CsCl 2 I and the 
other compounds of Table IV, 4 is especially interesting 
because it forms a bridge between the simple CsCl and NaCl 
arrangements. It is rhombohedral with the ions of its 
single^molecules in or centered about the positions 0,0,0 
and If the rhombohedral angle is 90° this is of 

course the CsCl grouping; if a = 60° it is identical with 
that of NaCl. Nearly all the crystals of Table VI, 4 have 
values of a less than 60° and thus appear as NaCl-like 
structures that have been elongated along their body dia¬ 
gonals, in some instances by the linear MX 2 ions they con- 
t ain. 

Cesium dichloriodide, 0sCl 2 I, with ex greater than 60°, 
can be considered as a distorted CsCl arrangement. The 
atoms in its unimolecular rhombohedron are in the following 


VI a 


special 

posit ions 

of D 3 

6 

d 

(R3m): 



Cs: 

(a) 

0 , 

, 0,0 



I : 

(b) 

1 

Pi 




Cl: 

(c) 

± 

(uuu) with u = 

0.315. 

In this 

structure 

(Figu 

re 

<J 

H 

cr> 

* 

o 

CO 

1 

O 

M 

= 3. 66 


and 

ire ingure vx, <_>•/, - 

I—Cl = 2. 25 A. 

Sodium acid fluoride, NaHF 2 , is representative of t Q f 

compounds with this structure that, having sma 
a > are more like NaCl. Its atoms are in t e pos i i 

6 li " “ ' 

u for 


t? J- II ^ -l l 1 

3d listed above for CsCl 2 I with H presumably ^ 

_ - n S~\ A “1 /~\ 


B 

and 
"the short 
operation 

The Na—F 
the radii 


^ — — q-.-v a value of u yields 

F—- H— ^separation^which is - expressicn_o f the 

of the hydrogen bond existing ^ ^ of 

distance, 2. 30 A., & H . 

of these atoms as simple io 


The dimensions and parameter 

a symmetrical CN 2 ion in which C 

separation is 2.49 A. 


assigned to 

•N = 1. I® A 


CaCN 2 

The 


lead to 
Ca—N 
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VI a 


The data needed for a complete description of the atom¬ 
ic positions in the other crystals with this structure are 
collected in Table VI, 4. Some of them do not contain such 
stable IWX 2 complexes as the HF-5 or C1 2 I* ions, and are 
probably best looked at from a different point of view. 

Thus when u is near ^ this arrangement appears as an NaCl 
grouping of X and (undifferentiated R + M) metallic atoms 
distorted along a trigonal axis; or taking into account the 
difference between the R and M atoms, it is a superlattice 
on NaCl. The NaCl grouping, especially when it involves 
small cations, can also be considered as having a close 
packed framework of anions; from this standpoint such a 
compound as CuFe0 2 is a distorted close packing of 0" ions 
with interleaved metallic cations. 


The unit of sodium trinitride, NaN 3 , is very similar in 
size and shape to that of NaHF 2 (Table VI, 4 ). Its atomic 

NaHF f V = * pressad ‘ the coordinates used for 

in which tj Tvi This led to a symmetrical N§ ion 

in which N-N = 1.17 A. it has recently been stated, 

- N£ in 

“ ox ce ntrosymmetric but that its N—N 

arations instead are 1.10 A and 1 A t-p +v,- • j. 

the ccn+coi A. If this is true 

describe NaOCN. 3V (^m) that is needed to 


k iicis recenxiy be 

adepuate experimental proof, that the Ns 
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VI a 




(VI,a9). The alkali nitrites have NaCl-like structures 
whose low symmetry is dictated by the spatial requirements 
of their V-shaped N0 2 ions. Sodium nitrite, NaM) 2 , is or¬ 
thorhombic with 


a Q - 3.55 A., b 0 = 5. 56. A. , c 0 = 5.38 A. 


Its two molecules are in special positions of C 


20 


2 v 


(lm2m) 


K : 

(a) 

• * 

o 

o 

V, t+1?,?:, 

Na: 

(a) 

0, w,0; 

i* w+^,^, 

0 : 

(c) 

o 

c 

< 

• 

0,u,v; B.C 


with t = 0.083 


with w = 0. 


= 0. 194 


This gives N0 2 groups in which N—0 = 1.13 A. and the angle 

between the two N—0 bonds is 132°. In the structure as a 

whole (Figure VI, 7), each sodium atom has about it four 

oxygen atoms at a distance of 2.46 A. and two more 2.54 A. 
away. 


Sil 

prism is 
have the 
given it 

respects 


r nitrite, AgM0 2 , also is orthorhombic. Its unit 
similar in shape to that of NaN0 2 and it seems to 
same space group; nevertheless, the structure 
i ers from that of the sodium salt in important 
. Its bimolecular cell has the dimensions: 

= 3.505 A., 


b ° ~ 5.16 A., c 0 = 6.14 A. 


20 


ln the s P ecia l positions of C 2V ~~ listed 
above, have been assigned the parameters w(Ag) = 0, 

VI 8)'an wn . °‘ 50, v (0) = 0.167. This produces 
but it brin« ^ n °2 ion of the same shape as that in NaNQs 

trogen rlllTr at ° mS into closes * contact with a ni- 

2.06 A • ear>h • ? 0 an oxy 6 en atom. Such a short Ag— N = 

2.69 A. ’ awav 1 V6r at0rn also ha s four oxygen neighbors 
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(VI >a iO) Crystals of the potassium 
monoclimc but their atomic distribution 

The bimolecular cell has the 


sions: 


salt KK’Ojj 
resembles 
following 


are 

the 

dimen 


a Q = 4.45 A. , 


o 


4. 99 A., c Q - 7.31 A., 3 = 114°50 


t 


bSen PUt in SPeCial P° sitions of the space group 


u,0,v; u,^, v+£ f with u and v = 0 

t,0,w; t,^, w+Jt, with t = 0.500, w 


l 


N: 


0. 486 


x, y, z; x, y, z; 


x, y+p-, z 


x,£-y f z+i, 


with x 0.444, y - 0.194, z = 0.417. The resulting N0 2 
ion has the same shape as in the other nitrites. This 
structure (Figure VI, 9) is like NaN0 2 , rather than AgN0 2 , 
in having the shortest metallic contacts to oxygen rather 
than nitrogen. Each potassium atom is surrounded by four 
ox .y^en atoms of four different N0 2 groups (K—0 = 2.75 A.) 
and by two more oxygen atoms belong to a single K0 2 ion 
(K—o = 3.01 A. ) . 


VI a 
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TETRAHEDRAL STRUCTURES 


(VI,all). Three complex sulfides, all containing cop¬ 
per, have tetrahedral structures related to those of the 
cubic and hexagonal forms of ZnS (lll,c). The arrangement 
that prevails in chalcopyrite, CuFeS 2 , is essentially a 
superlattice on that of zinc blende. Though a shorter cell 
has twice been described for this crystal the correct unit 
is apparently an elongated tetragonal prism containing four 
molecules: 

a 0 = 5.24 A., c Q = 10.30 A. 


Atoms are in special positions of Vd 


1 2 


(I42d) : 


Cu: 

(a) 

C, 0, 0; 

Fe: 

(b) 

0, 0, 1 2; 

S : 

(d) 

u, V4, Ve 


S : (d) u, V4, Ve; u, Vs; z /4,n, 7 /e ; fa.u, 7 /e; B.C. 

As is evident from Figure VI, 10 the doubled Cq — axis is an 
expression of the way atoms alternate with one another in 
the metallic planes normal to this axis. Metallic atoms 
are surrounded here, as in ZnS, by tetrahedra of sulfur 
atoms while each sulfur has a tetrahedron of metallic atoms, 
two of which are copper and two iron. The significant in¬ 
teratomic distances are: Fe—S = 2.20 A., Cu—S = 2.32 A., 
S—S = 3.56 A. 

Such separations are compatible with either ionic or 
neutral, "covalent", bonds for CuFeS 2 ; if the bonding is 
considered ionic, this crystal appears as a slightly dis¬ 
torted cubic close packing of large S". ions with metal ions 
in the interstices. 


Chap. VI, text page 12 


VI. COMPOUNDS R(M X 


(VI, alp.) . The two copper minerals wolfsbergite, CuSbS 
and emplectite, CuBiS 2 , have a structure which bears some 2 ’ 
resemblance to that of the hexagonal ZnS, wurtzite. They 
are orthorhombic with the tetramolecular units: 


VI a 


For CuSbS 




For CuBiS 


- 14.456 A., b Q = 6.008 A., c Q = 3.784 A 
= 14.512 A., 6 0 = 6. 125 A., c Q = 3.890 A, 


All atoms are in (c) of V 


1 e 


(Pbnm): 


(c) ±(u,v,i; pr-u, v+is,i) 

For CuSbS 2 the parameters are u(Cu) = 0.82, v(Cu) = 0.25; 
u(Sb) = 0.06, v (Sb) = 0.23; u (S l) = 0.10, v(S l) = 0.62; 
u(S 2) = 0.82, v(S 2) = 0.87. In this grouping (Figure VI, 

11) copper has about it a slightly distorted tetrahedron of 
sulfur atoms at distances varying between 2.25 A. and 
2.33 A, while antimony has three sulfur neighbors at dis¬ 
tances between 2.44 A. and 2.57 A. 

More recent work (Table VIIIB, l) has given emplectite and 
wolfsbergite compositions approaching BigCuS^ and SbgCuS^ 
respectively. It is obvious that additional work on these 

two minerals is needed. 
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(VI,al3). The two cubic compounds KFe0 2 and KA10 2 are 
reported to have structures related to that of cristobal- 
ite, Si0 2 . Their unit cubes, containing eight molecules, 
have the edge lengths: 

For KA10 2 : a 0 = 7.69 A., 

For KFe0 2 : a 0 = 7.958 A. 

To a first approximation it would appear that the aluminum, 
<br iron, and. the oxygen atoms have the positions which 
were originally given the silicon and oxygen atoms of high 
cristobalite (IV,e5). Based on Oft 7 (Fd3m), they are: 

0: (16c) Vs, 3 /e, z /e; %,^8,V8; F. C. 

Al, or Fe: (8f) 0,0,0; V4, ^4, ^4; F. C. 

With the potassium atoms in (8g) h>h>h F. C. this 

would give a structure (Figure VI,12) in which the closest 
atomic approaches are 0—0 = 2.72 A., Al — 0 = 1.66 A., 

■^ e 0 - A. and K—0 = 3. 19 A. in the aluminum salt 

and 3.32 A. in the iron compound. Certain intensities are 
not adequately explained by this arrangement and it has 
therefore been concluded that, as in the case of cristo- 
balite itself, the true atomic grouping is a distortion of 
this involving the less symmetrical space group T 4 . 




VI . 


COMPOUNDS R(MX 2 ) 
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chain structures 

, . Cr y stals of KFeS 2 are built up of the same 

kind of endless chains of linked tetrahedra of sulfur 

atoms that characterize SiS 2 (IV, i3). The symmetry is 

mono cl in 1 c with a te tramole cul ar cell of the dimensions: 

a Q = 7.05 A. , b 


o ~ 11.28 A., c o = 5. 40 A. , 3 = 112°30’. 



Atoms are in the following positions of C 2h ® (C2/c) : 

Fe: (e) ±(0,u,i; u +p,i) with u = -0.008 

K : (e) with u (K) = 0.355 

±(x,y, z; x,y, z+pr; x+p, y+p,z; x+p,p-y, z+p) 

with x = 0. 195, y = 0. Ill, z - 0. 10. As can be seen from 
Figure VI, 13 the iron atoms are at the centersof tetrahe¬ 
dra of sulfur atoms connected with one another as shown 
in Figure VI, 14. The Fe—S separations in these tetrahe¬ 
dra are 2.20 A. and 2.28 A. Each potassium atom, lying 
between the chains, has eight sulfur neighbors at dis¬ 
tances from 3.33 A. upward. 

The calcium metaborate described below in paragraph 
Vl,al5 provides another example of a chain structure. 


VI a 
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MISCELLANEOUS STRUCTURES 
(See also Table VI,8) 


(VI,al5) . Borates show the same multiplicity of com¬ 
bination between boron and oxygen that the silicates do 
between silicon and oxygen. It is in keeping with this 
fact that the boron-oxygen association in the alkali meta¬ 
borates should be totally unlike that found in the CafBCfe)* 
described below. There are six molecules in the following 
rhombohedral units of LaBOo and KBOo: 


For NaB0 2 
For KB0 2 


= 7. 22 A. , a = 


= 7.76 A., a = 110 o 36'* 


Atoms in thes>e two crystals have been put in sp 
tions of D 3d (R3c) : 

(e). ±(u,jj-u,l; j?-u,l,u; i»u,^—u) 


ecial posi- 


the parameters being those of Table VI,5. The structure 

i? a \ r n SUltS ( FlKUre VI » 1 &) is composed of R and B 3 0<5 ions 
The B 3 0 e groups are planar (Figure VI,16) with a trigonal 

axis norma to t e plane. There are two kinds of oxygen 

atoms. Those with the parameters of 0(2) are joined to 

wo oron atoms, the 0^1) atoms are connected only with a 
single boron atom. 

^ Ven cficium borate, Ca(B0 2 ) 2 , differs 

do not ex-i^t" 0 ^ t °^ e ^ oin P in that discrete borate ions 
to nroduce pnrll nS boron and oxygen atoms are linked 

of the crv^f e n inS running parallel to the c Q -axis 

?ftia ^ symmetry is orthorhombic with a 

tetra-molecular cell having: 


«o = 6. 19 A. , 


o = 11.60 A., 


= 4.28 A. 


Atoms 


are in the following positions of V h 

(c) ±(1.0.u: 4. A 


1 A 


(Pnca) 


(d) 


±(^.,0,u; l,^,u+^) 

±(x , y, z; x ^,i-y,i- Z ; x,y+£,£- z; ^ x ,y,z) 
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with the parameters of Table VI, 6. In these borate chains 

VI, 17) the boron and oxygen atoms have the same 
environment as in the alkali salts. The presence of sepa¬ 
rate ions in KB0 2 and IMaB0 2 and not in Ca (B0 2 ) 2 is perhaps 
associated with the fact that the alkali salts were ob¬ 
tained from solution while the calcium compound is crystal- 
lized from a melt. 


VI a 


(VI f al6) . Cesium dichloriodide (a7) is the only tri¬ 
halide crystallizing with high symmetry. Most of the 
others are orthorhombic; and of these, two ammonium and 
two cesium salts have been studied with x-rays. Their 
similar tetra-molecular units have the dimensions: 


For 
For 
For NIUIs 
For KtulBrCl 


<*0 


a 


a 


o 


o 


a 


o 


- 9.94 A., b Q = 11.01 A. , c 0 = 6.82 A 

= 9. 18 A. , b 0 ~ 1C. 66 A., c 0 = 6.57 A, 

= 9. 66 A. , bo ~ 10.82 A. , c Q - 6. 64 A, 

= 8.58 A., b Q = 10.05 A., c Q = 6. 14 A, 


They have the same space group, V (pbnm) , ^ and their 
correct atomic positions are probably very similar to one 
another. Structures assigned the two ammonium sa ts p ace 
all atoms in the familiar positions 

±(u,v,i; h- u,v+£ f i) 

with the parameters of Table VI, 7. ^® ad .^°q e r»ara- 

BrlCl ion but to an I' 3 that is bent. The atomic sp = 

tions within a BrICI group, I — Cl - 2.38. * a ^-. to the 

2.50 A. are, as in the case of the Cl 2 1 ° ’_ distance, 

sums of the neutral radii. The shortest NH.-C1 dis 

3.23 A., is about the sun of the ionic radii but 

also an equally short hh.*—hr of 5. 21 
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(VI,al7). The crystalline salt KAg(CN) 2 has a hexa¬ 
gonal structure which bears no obvious relation to other 
arrangements. Its hexa-molecular cell has the dimension 

a Q = 7.384 A., c Q ~ 17.55 A. 


The atomic arrangement deduced for this crystal is one 
which places the various kinds of atoms in alternate 1 
along the c 0 -axis in the sequence: 

Ag— CN—K—CN—Ag—CN—K .... 

Atoms of the six molecules are in the following positions 
of D 3d 2 (C3lc): 


K(l) : 

(b) 

o, 0 9 0; 0 y 

K(2) : 

(f) 

±{ 1 /z, %, U 

Ag : 

(h) 

± (v, V, V4; 


V3, Z /Z, yz-u) , with u = 0.010 
v,2v, V4; 2v,v, V4), with v = 0.83 

f In most cyanides at room temperature the CN group has b 
’rotating", that is, separate positions could not be as¬ 
signed the carbon and nitrogen atoms. In the structure 
scribed for KAg(CN) 2 , however, the carbon and nitrogen 
atoms have been given the definite positions: 


±(*. y, z; y,x-y, Z ; 


y—x, x, z; y, x, z+p'j 


with x(C) = 
0. 115, y (N) 
considered 


X,y-X, Z+Jr; X-y, y, Z+£) 

0.045, y (C) = .083, z (C) = -.371 
- .083 and z(N) = -0.333. These 
firmly established by the X-ray 


and x (N) 
cannot be 
data. 
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TABLE VI,1. COMPOUNDS R(MX«) 


A. Compounds RMX 


Crystal 

Paragraph 

Table 

LIterature 

AgB1S 2 

— 

VI, 8 

1936, R 

Ag(Bl,Sb)S 2 

— 

8 

I; 1939, B&W 

aramayolte 




AgC10 2 

— 

8 

I I 

AgFe0 2 

a7 

4 

1936, K, E, G&K 

AgN 3 

a3 

— 

1935,B 

AgN0 2 

a9 

— 

1936, K 

Ag Sb S 2 

— 

8 

I I; 1938, H 

mlargyrlte 
( Ag, Cu) Sb S 2 


8 

I I 

polybaslte 




CaCN 2 

a7 

4 

I; 1942, B 

Cs I B r 2 

a 16 

— 

I 

CslCl 2 

a7 

4 

I 

CsI 3 

a 1 6 

. — 

I 

CuBl Ss 

a 12 

— 

I I 

emp1e c 11t e 

Cu FeO 2 

a7 

4 

19 35 , S&T; 1938, P 

Cu Fe S 2 

all 

— 

i; 11; 1934, K&T 

chalcopyrl te 
CuSb S 2 

a 12 

— 

I I 

wolfsberglte 
HBO 2 


8 

1940,T 

KAg(CN) 2 

kaio 2 

a!7 

a 13 

— 

I I 

1935, B 

kbo 2 



1935, C, S&A; 1937, 

a!5 


T 

kcno 

al 

2 

I 

II 

1943,R&S 

11; 1935, B 

kcns 

KCrs 2 

a4 

a7 

4 

KFeO 2 

a 13 


II; 1942, B&MO 

KFeS 2 

al 4 
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COMPOUNDS R(M X 


TABLE VI,1. (3) 


Crystal 


Ba ( N3 ) 2 
C a ( BO 2)2 

Ca(C10 2 ) 2 

C d ( N 3 ) 2 
Cu ( N3 ) 2 
Pb(C10 2 ) 2 


COMPOUNDS P(HXo) 


P aragraph 


2 t 2 


Table 


bl 


b 2 


Literature 


11 
I I 

1937, B 
1943, S&C 
I I 


~ VI . table 



V I . 
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TABLE VI, 2. CRYSTALS WITH THE TETRAGONAL 

KHF 2 STRUCTURE (Vl.al) 


Comp ound 


KCNO 


khf 2 

kn 3 

RbN 3 


Te tramolecular Unit 


6.070 A 

5. 67 

6 . 094 

6.36 


Co 


7.030 A 

6.8 1 

7.056 
7.41 


0.1408 
0. 133 


Unimolecular 
P seudo-cell 




4.28 
4.00 
4.30 
4.50 


Co 


51 


3. 40 
3.53 
3. 70 


TABLE VI, 3. PARAMETERS OF THE ATOMS IN KCNS 


Arrangement A 


Arrangement B 


Atom 


Posltlon 


205 


. 280 


080 .400 


400 


.095 


- 0.212 


( c) 
(d) 
(d) 
(d) 


7 60 
930 


600 


390 
416 
110 


0.208 
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TABLE VI.5. PARAMETERS OF THE ATOMS IN 

NaB0 2 and KB0 2 



Na BO 2 

kbo 2 

Atom 

u 

U 

Na, o r K 

0.696 

0. 689 

B 

. 362 

.361 

0 (1) 

. 479 

. 465 

0 (2) 

. 138 

. 146 


TABLE 

VI , 6. PARAMETERS OF THE ATOMS IN 

Ca(BO 2 ) 2 (a!5) 

Atom s 

Positions 

x y 

z 

Ca 

( c) 

1/4 0 

0.26 

B 

(d) 

0.12 0.20 

0.88 

0 ( 1) 

(d) 

.125 .21 

. 19 

0 (2) 

(d) 

.11 .09 

. 75 
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TABLE VI,7. PARAMETERS OF THE ATOMS IN 

ORTHORHOMBIC TR IHALIDES (a17) 



NH 4 I 3 


Atom 

u 

V 

nh 4 

0.478 

0.831 

I (2) 

. 544 

. 38 1 

I(D 

. 35 

. 153 

I (3) 

. 736 

. 575 


NH 4 ClBrI 


Atom 

u 

V 

NH 4 . 

0.472 

0.864 

I 

. 561 

. 375 

Cl 

. 375 

. 18 1 

Br 

. 736 

. 564 
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TABLE VI, 8 . MISCELLANEOUS COMPOUNDS RMX 


Crystal 

Symmetry 

a 0 

bo 


ot or (3 

M 

AgBl S 2 

Ortho rhomb 1 c 

8.08 

7.82 

5. 65 

_ 


Ag(Sb, Bl)S 2 

Trlclinlc 

7.76 

8.79 

8.34 

— 

6 * 

aramayolte 

AgC10 2 

Pseudo te tragonal 

12. 17 

— 

6.69 

— 

16 

(Ag, Cu) SbS 2 

0 rtho rhomb 1 c 

7.50 

12.99 

11.95 

— 

8 

polybaslte 

AgSbS 2 

Monocllnlc 

13. 17 

4.39 

12.82 

98°37' 

8 ** 

mlargyrlte 

Oi- KB0 2 

Orthorhombl c 

— 

— 

— 

— 

— 

T1AsS 2 

Monoclinic 

15.02 

11.31 

6 . 10 

127°45' 

8 

lorandlte 

tihf 2 

Cubic 

8.58 

— 

— 


8 

Ba(Ns )2 

Monocllnlc 

6.22 

29.29 

7.02 

105°14' 

10 

Cd(Na) 2 

Orthorhomb 1 c 

7.82 

5.46 

16.04 

— 

8 **> 

o 

Ca(C10 2 ) 2 

Pseudo-cublc 

5.80 

— 

— — 


2 

Cu (N a) 2 

Orthorhombic 

9.226 

13.225 

3.068 



Pb(Clo 2 ) 2 

Pseudo tetragonal 

4. 14 

— 

6 . 25 


1 


* * 




a = 10 0° 2 2 r , 3 = 90°, - 1 0 3° 5 4' 

Metal atoms in this cell of miargyrite are sal 
in general positions of ^-2 h (A 2 /a). 

-w 44 / .. x v +V4 , z+V4; x*H.y+*. z +K> 

(f) ±( x , y , z; x«,y,«, • z , A g) = 0.125 and 

with x ( A g) = 0.187, y(Ag) - 0. z << * ; 

x(Sb) = 0.062, y(Sb) = 0, t ( Sb) - g 

The space group given Cd( Nn )2 1S h 


b e 
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Fig. 
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Fig, VI, la. A projection on a 
of the tetragonal structure of KN^. 
circles represent potassium atoms. 


basal plane 
The smaller 
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r. 4 








V/. 


showing the 


VI lb. A packing drawing 

, . w ’ 9 x* y"M of Figure V1 > 1 

distribution of the atoms of KN 3 
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Fig. VI, 4a. A projection of the orthorhombic 
structure of NH 4 HF 2 on its c-face. The smaller 
circles are the fluorine atoms. The crystallo¬ 
graphic a, b and c axes coincide with the X, \ 
and Z axes of the coordinates used in the test. 



Fig. VI, 4b. A drawing sbcwing^e^ 
and HI 2 ions pack i” “ftJ f 
the hydrogen atoms are f f i u0 ri 
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ne pains. 
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Fig. 
VI, 6a 


Fig. VI, 6a. A projection of a portion of the 
CsCl 2 I structure on a plane through the apex of 
its unit rhombohedron andnonnal to the three-fold 
axes. Cesium atoms are tne smallest arid iodine 

atoms the biggest circles. 


axes. 
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Fig. VI, 6b. 
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ions. 
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circles are of intermediate 


Fig. 

VI, 7a 



ng. VI, 7b. A packing drawing 

f NalSlOg show:, in Figure V , (' 



of the atoms 


Fig. 

VI ,7b 


Ch ap. VI» 


illus. P«g e 5 





VI . 


STRUCTURE 




OF THE COMPOUNDS R(MX 9 ) 

Ud n 



Fig. VI, 10a. A projection of the tetragonal 
structure of chalcopyrite, CuFeS^, upon an a-face. 
Copper, iron and sulfur atoms are represented by 

circles of decreasing size. 



Fig. VI, 10b. A packing d^ 

structure in which the atoms spheres are the 

neutral radii. The line-shaded spheres 

copper atoms. 
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Fig. 

VI,17a 


o 

Fig. VI, 17a. A proj ect ion on an a-face of the 
atoms in . the orthorhombic unit of CaB^O^ T he 
largest circles are the oxygen atoms, the smallest 
the atoms of boron. The crystallographic a, b 
and c axes coincide with the X, Y and Z axes of 
the coordinate description. 
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COMPOUNDS OF THE TYPE R n (MX 


n ' - 3 ^ p • 


COMPOUNDS OF THE 


Most compounds of the type RMX S thus far studied 
with x-rays (Table VIIA, l) have atomic arrangements 
that are obviously related to the simple structures of 
the first chapters. As was the case with the RMX 2 
crystals just discussed, it is then both convenient and 
especially instructive to describe them as far as may 
be in terms of these similarities. 
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NaCl-LIKE CRYSTALS 


(VTI,al). Sodium nitrate, NaN0 3 , and the crystals 
isomorphous with it, are NaCl-like arrangements of R + 
and MX 3 ’ ions distorted by the spatial requirements of 
their complex anions. The symmetry is rhombohedral and 
they have the bimolecular units of Table VIIA, 2. Atoms 


are in the following positions of D 

Na • (hi AAA. 3 33 
wa. vd; 4,4,4, 4,4,4 

N: (a) 0,0,0; hjh,h. 


3d 


(R3c) 


0: (e) u,u,0; u, 0, u; 0,u,u; s -u > u+ 5,?; 

u + ?,i,s-u; i,^-u,u+i. 


Where they have been determined, the values of u are those 
of column 4 of the table. They result (Figure VIIA,l) in 
planar NOs, C0 3 and B0 3 groups in which the nitrogen, car¬ 
bon and boron atoms are at the centers of equilateral tri¬ 
angles of oxygen atoms. In carbonates the C - 0 distance 
is 1.25 A; m nitrates it is almost exactly the same. 

All these crystals show a pronounced rhombohedral 

i 6 axes cleavage rhombohedron are 

® ®. ?; arg ® intramolecular pseudo-cell which expresse 

lengths and angles, as listed in columns 7 and 8 of the 

shoi!’in r Fi \ e A t° those the true unit in the manner 
shown in Figure VIIA, 2 . 

The mineral dolomite paMo I nn \ 

pound and not a solid solution of^i! 2 ’ + 1S & definite com ' 
svmnetnv i u is rhombohedral but its 

molecular rhom?oheSron arftfth n f he , atoms of its 

Cr,- 2 (R 3 ) • 6 ln swing positions 


3i 


Ca: 

(a) 

000 

C: 

(c) 

± (uuu) 

0: 

(f) 

± (xyz; 


Mg: 


ill 

P* 2, P 
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P 


Though an accurate determination of atomic parameters 

u is undoubtedly around ^ and x, y and 


not been made, 

are near 0 and i respectively. 
CaSn(E0 3 ) 2 is isonorphous. 


has 

z 


The double borate 


It was originally thought that room temperature 
RbN0 3 is like NaNO n ir being a distorted NaCl grouping 
of ions and that the diffraction data were approximately 
those to be expected from a tetramolecular rhombohedron 

having a Q = 7. 36 A. and a = 109°28 f ; more recent data seem 
to show that this is not true but that the crystal is 
pseudo-he xagona 1 with the dimensions of Table VIIA,8. 


is a 
ment 
ions 
This 


(VII,a2). The structure of potassium bromate, KBr0 3 , 
simple rhombohedra1 distortion of the NaCl arrange- 
that differs from that of NaNO 3 in having its M0 3 ’ 
oriented in the same way throughout the structure, 
allows it to have a uni molecular cell with: 


= 4.403 A 


a 


86°0 f . 


Atoms are in the following positions of C 3v 6 (R3m) : 


uuu, with u - 0, Br: 


w 


ith u - 0. 50 


(b) vvw; 
and w 


vwv; wvv, with v 

= 0 . 12 . 


= 0. 58 


with Br - 
shape but 


0 = 1. 68 A 

somewhat 


be 


suiting pyramidal Br0 3 ions 
cnu 0 - 0 = 2. 73 A. are similar in 
larger than in NaBr0 3 (VII,a4) • 

There is a close analogy between this 

(Figure VIIA, 3) and that of NaHF* ( ^ ^ value of a . 
either NaCl- or CsCl-like dependi g ^ and the 

though a for KBr0 3 is near y a <5^ formally as a not 

structure can be cons ^^ e arrange ment (Vll,a5), it is 

very distorted perewskite ar C1 but as an NaCl 

perhaps best viewed not a ® 1 ® ire ments of the BrO a 
arrangement flattened by the Q tetramo iecular pseudo- 
Pyramids it contains. The la g = 1C7 °3 0 '. 

cell expressing this relationship has 
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The high pressure form of KN0 3 , which can be pre¬ 
served at room temperature by quenching, has been given 

very similar atomic arrangement. Its unimolecular rhom- 
bohedral cell has: 


a o = 4.365 A., a = 76°56 f . 

Atoms have been put in the same special positions of C,, 5 

with u(K) = 0, u(N) = 0.56, v (0) = 0.45 and w(0) = 0.78? 
This departure of u (N) from £ and the different para¬ 
meters of oxygen have the curious effect of displacing 

layers of nitrate ions from planes midway between the 
layers of potassium ions. 

At temperatures above ca 230°C. the nitrates of the 

heavier alkalis, and of thallium, seem also to have this 
structure. 

wh . . (VII,a3 i' Potassium chlorate, KC10 3 , has a structure 
5 i n f ltS monoclini ° symmetry is closely re- 

of thP w ^ ° ^ bromate and lik e it is a distortion 

and has the dtmtnftons-' ItS ^ COntains two molecules 


o = 4. 647 A. , 


o = 7.085 A. , 


o 5.585 A., 


= 109°38 f . 


Atogs(have been put in the following positions of 


K: (e) ±(u,|,v) , with u = C 
Cl: (e) with u = 0.106, v = 

0(1) :(e) with u = 0.405, v = 

0(2):(f) ±(x,y, z; x,y+p, z ) w 

and z = 0.278. 


0.366, v = -0.298, 
0.175, 


= 0 . 111 , 

with x = 


139, 


= 0.028, 
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The resulting C10 3 ions are trigonal pyramids of substan¬ 
tially the same shape and size as those in the more accu¬ 
rately determined NaCl0 3 . This structure (Figure VII A, 4 ) 
differs from that of KBr0 3 in that its CIOs' ions alter- 
nate in their orientation to one another, whereas the 
Br0 3 f of KBrOs lie parallel throughout the crystal. 


(Vll,a4). In sodium chlorate , NaC10 3 , and the cor¬ 
responding bromate, distortion of the NaCl arrangement 
such that the crystal as a whole remains cubic. Their 
units contain four molecules and have the edges: 

For NaClO 3 : a Q = 6.555 A., 


1 s 


For NaBr0 3 : 


= 6. 689 A. 


Atoms are in the following positions of T 4 (P2i3) • 


(4f) 


u, 

u; 

u+p>, fe-u, u; 

u, u+p, p- u; 

h- u,U,U+p 

(b) 

X, 

y» 

z; 


x,y + ?, 

p-x, y,z+p; 

z, 

x, 

y; 

z, x+p, g-y; 

^-z, X, y + §; 

z+p, 2 - x » y; 

y, z+p, p-x 


y$ 

Z, 

x; 

p- y> z, x ; 

y + ?d _z * x ‘> 


w 


with the parameters of Ta ble VIIA,3. The^extent 
departure of this structure (pigur ’ /, \ an d 

arrangement is indicated by the differences ^ ^ flat trig- 

u(Cl) from zero and one half. Th of it s base 

onal pyramid having the three oxyg above this 

2.38 A. apart. The chlorine atom is 0.48 A .a ^ ^ 

base and distant 1.48 A. from the a T he Na - 0 

BrO s ion, Br - 0 = 1. 78 A. , 0 - *. ^ NaBr o 9 it is 

separation found in NaCl0 3 is 2. *’ are substantially 

2.38 A. These metal-to-oxygen dis a corresponding 

the sum of ionic radii and the same as the 

distance in NaN0 3 * 


Vila 
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VII a 


CsCl-LIKE CRYSTALS 


(VII,a5). The largest group of RMX 3 crystals is that 
typified by P e rewsk i te , CaTiO 3# Many of the crystals 
with this arrangement (Table VIIA,4) give exceedingly 
simple diffraction patterns which can be accounted for in 
terms of a cubic cell containing one molecule. Others 
listed in the table are doubly refracting under the polar- 
izing microscope; and it is not always clear whether this 
is due to strain or to small departures from a perfect 
cubic symmetry. Still others are certainly of lower sym- 
metry and probably have an appreciably distorted atomic 
arrangement. As can be seen from the table a few crystals 
give diffraction affects that seem to require a larger 
unit with doubled axial lengths. There has been a certain 
measure of discussion and speculation about the atomic 

positions in these distorted perewskites but much more 
work is needed to clarify the matter. 

In CaTi0 3 , as typical of the isotropic structures, 
atoms are in the following positions: 


Ca: (la) 0,0,0 


Ti: (lb) 


i .1 i 


0: (3a) M,0; J.O.fc; 0 


VIIA ’ G > the ^Icium and titanium atoms are 

in rlru 11 e rp^ eXaCtly as are ces ium and chlorine atoms 

' C There is no reason to believe that stable Ti0 3 

groups exist in this crystal, however, and therefore it 

bv ^ w° le better to look uP°ri it as one determined 

la P^ c ln g requirements of its oxygen and the one 

. • a Clum lon i't contains. These four atoms are in a 

holes C A« 6 small titanium ions in its 

with;* mig predicted from this picture, oxides 

Perewsk ^ e structure all have unit cells of about 

one hand ^ alS ° iS trUe ° f the fluorides on the 

table Tn r m-n ° ° ri f es on the other that appear in the 
0 - o - ? or, 3 a 1 3 e the si 6 ni ficant atomic separations are: 

° r : A .° a rcr--c?: ^ *- 3 sr ^ 

«« compatible the'“ t r e"of 
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n . (YJ I,a6 l*. Structures found for Cs 2 AgAuCl a and 
Cs 2 Au 2 Cl e , which have been subjected to prolonged heating, 
are ^ superlattices T on the perewskite arrangement. As 
ordinarily prepared these salts give the cubic diffraction 
patterns and undoubtedly have the simple grouping of 

perewskite. After heating to 350°C. for several days their 
symmetry become tetragonal and they assume an atomic ar¬ 
rangement which has the bimolecular cells: 


For Cs 2 AgAuCl e : a = 7.38 A., 


11.01 A. , 


For Cs 2 Au 2 Cl a : 


7.49 A. , c Q = 10.87 A. 


Atoms in Cs 2 AgAuCl e are in the following special positions 


of D 4h - 


(14/mmm) 

• 

• 


Cs : 

(d) 

(o, h, o,i 

Ag: 

(b) 

0 , 0 ,p; h,h,0 

Au: 

(a) 

0,0,0; h,h,h 

Cl- (l) : 

(e) 

0,0, u; 0,0, u; 

Cl(2) : 

(h) 

±(v,v,0; v,v, 


Cl (2) : (h) ± (v, v, 0; v, v, 0); B.C. with v - 0.220 

For Cs 2 Au 2 C1„, with silver replaced by gold, nearly the^ 
same parameters apply: u - 0.288 and v 0.2 
superlattices (Figure VIIA, 7) the atomic posi in 

been displaced from the perewskite arrangemen of 

Cs*AgAuCl. each gold atom is each silver 

chlorine atoms at a distance of 2.30 • of twQ 

atom is most closely associated wit a ^ corresponding 

chlorine atoms at a distance of 2 .^ and 2.30 A. 

separations in the gold compound are 2. 

(VII, a7). The two iodates, KalOa^^/^ey'we^e there- 

x-ray data very like those fro ^. C ®f ted pe rewskite struc- 
fore or iginally thought to be analysis is 

tures. The arrangement develope this structure. Per- 


tures. The arrangement develope this structure. Per- 
however a considerable departure . cr vsta Is will be iouv. 
^Ps other distorted perewskite- i 

be isomorphous. _ _ 


r T T 
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II a 


The true unit for NaI0 3 is tetramolecular with the 
dimensions: 


0 = 5. 74 A. , b Q = 6. 37 A. , 


c Q = 8. 11 A. 


A perewskite- 

b 0 ’ axes and 
NaI0 3 are in 


like pseudo cube would have diagonal a 0 ' 

a c 0 * axis equal to p c Q . The a_ toms in 
the following positions of 10 (Pbnm) : 


and 


Na: (b) £,0,0; £,0,£; 0,£,0; 0,£,£ 

I: (c) ±(u, v, 5 ; £-u,v+p, 5 ), with u = 0.008 and 

v = 0.013 

0 (l) : (c) with u = 0.715, and v = 0.110 

0(2) :(d) ± (xyz; p-x,y+p,p-z; x, y, p-z; £-x, y+p,z) 

with x = 0.140, y = 0.160, z = 0.08. As can be seen from 
Figure VIIA,8 this is a distorted CsCl array of sodium 
atoms and iodate ions of the same shape as the C10 3 and 
Br0 3 ions already described. In I0 3 *, I - 0 = 1.80 and 
1.83 A. and 0 - 0 = 2.65 and 2.81 A. 


The symmetry of NH4.I0 3 is very nearly cubic, 
tetramolecular unit has: 


Its 


a o = 6. 41 A. , 


6. 38 A. , c Q = 9. 25 A. 


This crystal is undoubtedly like NaI0 3 in being a CsCl-li* 
grouping of cations and I0 3 anions though its x-ray data 
fit almost equally well a simple perewskite grouping. 

(VII, a8). Ammonium nitrate, NH 4 NO 3 , furnishes other 
examp es of CsCl-like structures. This compound is es- 
pecia y interesting because of its extreme pleomorphism, 
at least five different modifications being known. Of 

stable at highest temperatures are cubic 

T , n ^ T1 + lk ® ^ sCl - Tha on e occurring just below the melting- 

Between l 6 9°C. and 125°C. , gives the very simple 
raction pattern to be expected from a CsCl grouping 



Chap. VII, text page 8 


VII 


• COMPOUNDS R n (MX 3 ) p 


of NH 4 and N 0 a ions in which the oxygen atoms 
fixed positions m the structure; if n h 

me^t with "rotating" nitrate groups/’ For it 
taining a single molecule has: 


do not have 
an arrange- 

the unit con 


= 4.40 A. 


The cubic high temperature modifications of RbN0 3 
CsNO g and T1N0 3 apparently are isomorphous with this 
NH 4 .NO 3 (l) • Their unit cubes have the edge lengths 1 


For RbNO 


For CsNO 


a Q = 4.371 

A. 

at 

210°C. 

a Q = 4.490 

A. 

at 

170°C. 

a Q = 4. 313 

A. 

at 

170°C. 


For TlNO 


Above ca 220°C. these three crystals have rhombohedral 
modifications that presumably have structures like those 
of KEr0 3 and the high pressure form of KN0 3 (VII,a2). 
Evidently in such cases as these the NaCl and CsCl arrange¬ 
ments merge imperceptibly into one another. 

The second form, II, stable between 125°C. and 84°C. 
seems to be like the foregoing except that at these lower 

temperatures the nitrate groups no longer "rotate" freely. 
Both modifications are hard to study because their crystals 
grow and change during photography; the information about 
II is particularly incomplete. It is tetragonal with a. 
unit containing two molecules and having the dimensions. 


a Q = 5.75 A. , c 0 - 5.00 A. 

determined abcut atomic poaitiona along 
atomic coordinates in directions norma 


Nothing has 

Cq axis; 
"to this are : 


the 


NH*: 00?; 


? > T ’ 


N: 


„ 1 o. In'? 

0, v, .*» P* • 


0(1): 0, ht ?; b, 0,1 0 ( 2 ): ±(xy?; y*?>; 


with X - 0.14 


and 


y = 0. 36. 






WYCKOFF: CRYSTAL STRUCTURES 


(VII, a9) . The third and fifth modifications are built 
on different principles but the room temperature form, IV, 
of ammonium nit rate, NH 4 N0 9 , is also like CsCl. Stable 
between 32°C. and -18°C. it is orthorhombic with a unit 
containing two molecules and having the dimensions: 


a Q - 5.75 A., b Q - 5.45 A., c Q = 4.96 A. 


Atoms have been assigned 
encountered space group V 


special positions 

19 (Pmmn); 
h 


of the rarely 


NH 4 : (b) 0,£,u; 5,0,u, with u = 0.57 
N: (a) 0,0, v; p,p,v, with v = 0.03. 

0 (l) : (a) with v = 0.28 

0(2): (f) wOt; wOt; w+^, pr,t; s-w, g, t 

with w = 0.19 and t = -0.095. This (Figure VIIA,9) gives 
rise to planar N0 9 groups which are nearly regular and 

have N - 0 1.24 A. and 1.26 A. The nearest approach 

between NH 4 and 0 atoms and between the 0 atoms of adja¬ 
cent N0 9 ions is the same, 2. 95 A. The unimolecular pseudo¬ 
cell resembling CsCl has the same c axis, and a ’ and 
0 axes that are half the face diagonals of the true 
unit. Alternate N0 a ions at the corners of the pseudo- 
cell point in opposite directions; and the elongation of 

s ce a on 6 C Q results from the coincidence of this 
axis with one of the N - 0 bonds. 
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NiAs-LIKE CRYSTALS 


(VII,alO). The structures of po tas sium nitrate, 
aragonite, as the form of CaC0 3 stable at room temperature, 
and the other crystals of Table VIIA, 5 are related to that 
of NiAs (lll,dl). They are orthorhombic, pseudo-hexagonal, 
and have the tetramolecular units of the table. Their 
space group is V, 16 (Pbnm) with atoms, taking KNO a as 
typical, in the positions: 


K, N and 0(l) : 


±(u,v,i; p-u,v+i, 5 ) 


0 ( 2 ) : 


±(x,y,z; x,y,£-z; p-x, y+p, z; A-x, y+A, i z) . 

Parameters thus far found for crystals with this structure 

are collected in Table VIIA, 6. With N of the NO, ions m 
place of nickel this arrangement (Figure VIIA, 10) bears 

somewhat the same kind of relation to the NiAs grouping 

that the NaNO, arrangement does to the NaC s rue ure. 

— ^ evident when it is realized 

% 


extent of this relation is 

that for NiAs expressed in 

axial ratio is 1 : 0.943 • 

nickel and u f = 5/12, 

2. i k e qo i n t.hn? 


t = 


these orthorhombic axes the 

0 577 and u = 3/4, v 0 for 

rz'/ A fnr As. In the structures 

„ 3/ o t he NO, and C0 3 ions 

— KN0 3 , in those like HaNO,, the H 0 an( j c - 0 

are planar with equal bond angle . h as 

distances in these orthorhombic crystals are « 
those already given for NaNO, and related compound 

(VII, all). The third ‘°« 0 reS?ing S WAsr 

between 84°C. and 32°C. , has a atomic arrangement 

Like KN0 3 it is orthorhombic with however, of a 

based on V h 19 . Its tet ramolecular cell is, 

different shape: 


o 


= 7.06 A. , 


b o = 7.66 A., 


o 


= 5.80 A. , 


and the atomic 
Atoms have 

KN0„ : 


the 


„ -totally unlike 

parameters ar ^ ( pbrun ) just 

positions of 


those of KN0 3 

stated for 
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Ag(l) : 

(d) 

± (0, 4 ) *, B. C. 


• 

Ag (2) : 

(e) 

± (OOu) ; B. C. , with 

u = 0.277 


Cl 

(h) 

±(uvO; vuO); B.C. 

, with u = 

0.215, 



v = 0.235 



0 (1) : 

(h) 

with u = 0.340, v 

= 0.350 


0 (2) : 

(i) 

± (xyz; yxz; xyz; 

yxz) ; B. C. , 

with 



x = 0 . 120 , y = 0 . 

250 


. 152. 

The 

resulting Ag - 0 d 

.istance is 

2.47 - 


2.55 A.; the 0-0 separations between adjacent ions are 
from 2.70 A. upwards. In developing this grouping, which 
is not closely related to other known arrangements, it was 
assumed that the C10 3 ion would have the same size and 
shape as in KC10 3 and other chlorates. 


(VII, al4) 

double halides 
gates of their 


Structures described for three alkali 
with mercury or cadmium seemingly are a 
atoms functioning as simple ions. 



Of these the tetragonal mercury ammonium chloride, 

NTUHgCla, has the unimolecular cell: 


a o = 4.19 A. , 


c Q = 7. 94 A. 


Atoms have been assigned the following special positions 
of D ^ 1 (P4/mmm) : 


Hg: 


(a) 000 


NH 4 : 


(d) 


ill 


Cl (l) : (c) h.,h, 0 


Cl (2): (g) ± (OOu) 


with u = 0.294. In such a grouping (Figure VII A, 13) each 
mercury atom will have about it a distorted octahedron of 
chlorine atoms, two of which are shared by no other mer¬ 
cury atom [Hg - Cl (2) - 2.34 A.], the other four being 
shared by four mercury atoms [Hg - Cl (l) = 2.96 A.]. Each 
ammonium ion has eight chlorine neighbors with NH 4 - Cl (2) 

3.38 A. The Cl ( 2 ) atoms are distant from one another by 
the unusually short 3.26 A. 
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(VH,al5). The cadmium ammonium chloride, NH 4 CdCl 3 , 
and its rubidium analogue, RbCdCl 3 , are orthorhombic. 
Their tetramolecular cells have the dimensions: 


For NH 4 CdCl 3 : a 


14.90 A., b Q = 9.00 A., c G = 3. 96 A 


For RbCdCl 3 : 


a Q = 14.93 A., b Q = 9.01 A., c Q = 4.01A 


The space group is V-^ 10 (Pbnm) and it has been concluded 
that all atoms are in special positions 

(c) ±(u,v,£; &-U,▼+&,£) 

with the parameters, for NH 4 CdCl 3 , listed in Table VIIA, 7. 
This arrangement (Figure VIIA, 14') has a complexity that 
makes it difficult to visualize. Each cadmium atom is 
surrounded by a somewhat distorted octahedron of chlorine 
atoms at distances between 2.60 and 2.72 A. The structure 
as a whole can be represented as strings of pairs of these 
octahedra extending along the c axis, the individual 
octahedra in a string sharing edges with one another. n 

this basis the strings themselves a re held tog. e ^® r 
form the crystal by the large alkali ions that lie 

them. The coordination of the ammonium ions is not defi¬ 
nite since each has about it nine chlorine atoms at dis 
tances between 3.27 A. and 3. o2 
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B. COMPOUNDS OF THE TYPE R n (MX 3 ) 


P 


(VII, bl) . The three alkali compounds Na 2 Ce0 3 , 
Na 2 Pr0 3 and Li 2 Ti0 3 are among the very few examples of 
this type (Table VIIB,1) having structures that resemble 
well-known arrangements. Their very simple patterns are 
like that of sodium chloride and lead to unit cubes with 
the edge lengths: 


For LioTiO 


o 


= 4.1355 A. , 


For Na 2 Ce0 3 : a = 4 . 82 A., 


For Na 2 PrO 


o 


= 4.84 A. 


X-ray reflections and densities indicate that such cubes 
contain 1 1/3 molecules, i. e. , four oxygen atoms plus foul 

metal atoms. It would appear that the oxygen atoms are ii 
close-packed positions, such as (a) 000, F. C. , while the 
metal atoms are distributed among the other close-packed 
positions occupied in sodium chloride, (b) g,F. C. The 
relation between this proposed structure and the one sug¬ 
gested for Li 2 Fe 2 0 4 (VI,a8) is ob vious. 

(VII*b2). A structure has been given the monoclinic 
sodium bicarbonate, NaHC0 3 , which contains four molecules 
in a unit of the dimensions: 


a o - 7.51, b Q = 9.70, 


= 3.53, 3 = 93 °19' 


All atoms are 


in general positions of Cg^ 6 
(e) ±(xyz; x+l, £-y, z +^) 


(P2i/c) 


™!V h Sr?t r n me i? r8 ° f Table VII B,2. As can be seen from 

G - 6,1 this structure is layer-like with planes of 

s diurn io ns and carbonate groups parallel to a plane de- 

T+ . ^ ° an< ^ a -'- : '- ne that is roughly diagonal to a 0 c 0 . 

s een suggested that the hydrogen atoms are midway 
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between those oxygen 
approach one another 
tions hydrogen would 

y = 0.250, z = 0.064. 


atoms of the carbonate groups that 
especially closely. In these posi 
have the parameters: x = 0.319, 


(VII,b3). The orthorhombic 
silver carbonate, KAgC0 3 , has a 
length: 


structure given potassium 
unit cell with the edge 


a Q = 20. 23 A. , 


b Q = 5.75 A. , 


c 0 = 5. 95 A. 


The 
t io 


eight molecules per cell are in the following posi- 


of V h 27 (ibca) : 


K: 


C: 


(c) ±(x,0,£; x, p, f) ; B. C. , with x =-0. 182 
(c) with x = 0.122, 


0(l) : (c) with x - 0.187, 

0 (2): (f) ±(xyz; x,y,£-z; £-*, y. z 5 *,J-y,z); 

B.C., with x = 0.089, y = 0.146, 

z = 0.378. 

In the structure that results (Figure VIIB,^ 

Jtassium and carbonate ions are distn u e carbonate 

- little relation to other structures^ The^rbonate 

ins are of the usual J e P ' ps at a distance of 

is four oxygen atoms of *" b nipe neare st oxygen 
,4S A.; each potassium atom 2 . e8 and four at 

3 ighbors, one at 2. do * 

, OO A. 

. alkaline earth and 

(VII,b4). Four mixed ^°hexagonal units. They are: 
are earth metals have related hexag 


RFCO 

CaCO 


(bastnasite) : a Q - 7.094 A., c 0 = 9.718 A 


RFCO 


(synchisite): a Q - 7.094 A., 


c Q = 18-20 A. 
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CaC0 3 • 2RFC0 3 (parisite); a Q = 7.094 A., 

c Q = 27.93 A. 

BaC0 3 • 2RFC0g (cordylite) : a Q = 7.53 A., 

c Q = 22.8 A. 


Each contains six molecules. An 
been offered for bastnasite that 


approximate structure has 
places atoms in the fol¬ 


lowing positions of D 


3h 


(C62c): 



(g) uuO; OuO; uOO; u,u,l/2; 0, u, 1/2', u, 0, l/2, 
with u = l/3 


F(l) : 
F ( 2 ) : 

C: 

0 ( 1 ) : 


(a) 000; 0,0, £ 

(f) ± (1/3, 2/3, v; 2/3,1/3, v+1/2) , with v = 0 

(h) x,y, 1/4; y, x-y, 1/4; y-x, x, l/4; y, x,3/4; 

x, y-x, 3/4; x-y, y, 3/4; with x = l/3, y = 0.245- 

(h) with x = 1/3, y = 0.07 


0(2): (i) xyz; y, x-y,z; y-x,x,z; x, y, l/2-z; 

y»x-y,l/2-z; y-x,x, 1/2-z; y,x,z+l/2; 
x,y-x,z+l/2; x-y, y, z+l/2; yxz; x,y-x,2; 
x-y, y, z; with x = 1 / 3 , y = l/3 and 
z = 0.14. 


Similar arrangements of the atoms in the mixed alka- 
line earth carbonates mentioned above have been proposed. 
They have been described in terms of small bimolecular 

pseudo cells having a Q t = a Q / set at 30° to a G . This 

determination is not sufficiently complete to warrant a 
detailed description here. 

(VTI,b5). Crystals of sodium sulfite, Na 2 S0 3 , contain 
two molecules in the hexagonal unit: 

a o = 5.441 A., c Q = 6.133 A. 
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C he i r (' CZ)T h9Ve been PUt in the followin g positions of 
«3 i 


Na(l): (a) 000, 


Na(2): (b) 0,0, £ 


Na(3): (d) 1/3, 2/3, u; 2/3, 1/3 , u; with u = 0. 67 


S: 


0 : 


(d) with u ’ = 0. 17 

(g) ±(xyz; y-x,x,z; y,x-y,z) with 
x = 0.14, y = 0.40 and 


z = 0.25. The S0 3 ions in this structure (Figure VIIB,3) 
are like the C10 3 groups described above in being trigonal 
pyramids. The oxygen atoms that constitute the base of 
the S0 3 pyramids are 2.23 A. apart; sulphur, at its apex, 

is 1. 39 A. distance from each oxygen atom. The closest 
approach of sodium and oxygen atoms is the expected 

2.45 A. This structure is unlike any of the simple R 2 X 
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(VII,bb). Atomic arrangements have been described 

the two sulfides Ag 3 SbS 3 [py rargy n t e) and Ag 3 AsS 3 
[p roustite) . They are rhombohedral with two molecu 

cells of the dimensions: 


For Ag 3 AsS 3 : a Q = 6.87 A., a = 103°31' 


For Ag 3 SbS 3 : a Q = 7.00 A. , <X = 103°57’ 


The corresponding hexagonal prisms containing six molecules 


have the edge lengths: 


For Ag 3 AsS 3 : a Q - 10.80 A., c 0 ’ - 8.69 A., 


For Ag 3 SbS 3 : a Q * = 11.02 A., c 0 * - 8.73 A. 


Atoms of the two molecules in each unit rhombohedron a 
in the following positions of C^ 0 (R3c) : 


(a) uuu; u+s, u+p,u+i 


(b) xyz; zxy; yzx; y+s, x+j?, z+^; 


z+£, y + 2 ,x+i; 


x+i,z+^,y+£. 


The positions and parameters assigned to atoms in these 
two crystals are those of Table VIIB, 3. In determining 
this structure it was assumed that AsSq and SbSa exist as 
tetrahedral groups and that the interatomic distances are 
those predicted by neutral radii. 


(VII,b7). Tetrahedrite, and the various minerals of 
composition (Cu,Ag) 3 (Sb,As)Sg that are isomorphous with 
it have unit cubes with edge lengths that vary with com¬ 
position between 10.2 and 10.4 A. Atoms of the eight 
molecules per cell are in the following positions of 
T d 3 (I43m) s 


(Ag, Cu) (l) 


(l2a) ±(u00; OuO; OOu) ; B.C. 


(Ag, Cu) (2) 


(I2h) ±(i, 0,i; O.i.jjs); B. C 
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(As,Sb); 


S: 


; (8a) 

uuu; 

uuu; 

uuu; 

uuu; 

B. C. , 


U = 5/18 




(24g) 

vvw; 

wvv; 

vwv; 

vvw; 

wvv; 


wvv; 

vwv; 

vvw; 

wvv; 

vwv; 


with v = 

0.125, 

w = 

0. 375 


vi it 


vvw; 


The structure that results (Figure VIIB, 6) resembles ZnS 
but with one quarter of the sulfur atoms missing. 

(VII,b8). Boric acid, H 3 B0 3 , is triclinic with a 
tetramolecular unit of the dimensions: 


= 7.04 A. , b n 7.04 A. , 


= 6. 56 A. , 


a = 92°30\ 3 

All atoms have been put in 


= 101°10', Y ~ 120°. 

general positions of 1 (PI) 


(i) ±(xyz) 

a. ^-P Tnhlp VIIB, 4- This results in a 

rith the parameters of tebleV ^ atoms para llel to the 

»late-like structure w Pieure VIIB, 7 each sheet 

l o b o plane. As can be seen r which 6 are supposed to be 
insists of planar B0 3 g P between the oxygen 

leld together by hydrogen ® these positions, which 

If the hydrogen atoms have o these 6 P ine ^ da 

;annot of course be establi the sec ond part of 

their parameters are those s _ q separation is 

lable VIIB, 4. In a BO, groupie groups, which are sup- 
1.36 A.; oxygen atoms of n at oms between them, 

posed to be bridged by the hydroge 

are 2.71 A. apart. 
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(VII,b9). Calcium nitrate , Ca(N0 3 ) 2 > and the three 

rystals isomorphous with it provide one of the few mera- 
ers of this group of substances which are related to 
simple structures. They are fluorite-like with the follow 
ing tetramolecular cubic units: 

For Ca(N0 3 ) 2 : a Q = 7 . 60 A., 

For Sr (NO 3) 2 : » o = 7 . 81 A., 

For Ba(N0 3 ) 2 : a Q = 8 . H A., 

For Pb (NO 3 ) 2 : a Q = 7 . 8 4 A. 

Atoms are in the following positions of T^ 0 (Pa3) : 

R: (4b) 000; ££0; £o£; 0^, 

N: (8h) ± (uuu; u+js, js-u, u; u,u+^, Is-u; 

i-u,u,u+£) 


0: (24) 


±(xyz; zxy; yzx; x+£,£-y, z; 
z+^,^-x,y; y+^,£-z,x; x, y+£, £ 
z»3c+^,^-y; y,z+^,|-x; js-x, y, z 
fe-z*X,y+^; ji-y, z, x+jg) . 


5 ? 


Assigned parameters are those of Table VIIB, 5. These give 

the expected planar N0 3 ions displaced from the symmetrica 

positions of the CaF 2 structure by their packing require¬ 
ments (Figure VIIB, 8). 
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(VII,blO). Aluminum metaphosphate, Al(P0 3 ) 3 , has a 

very complicated structure. Its cubic unit with 


VII b 


a 0 = 13.63 A. 


contains 16 molecules. Atoms are in the following posi¬ 
tions of T d a (143d): 

(l6f)(uuu; u+^,p-u,u; u,u+g,^-u; 5 ~u,u,u+^; 


u+ 4 » u+ i* u+ i; 


u+f, 5 -u,|-u; f-u, u+g, g-u; 


4“U,§-U,U+f ); B. C. 


1 1 


( 48 e)(xyz; zxy; yzx; x+p,p-y,z; z p-x,y; y+p,p-z,x; 

x,y + P,h~ z; z,x+y, J-y; y, z+i,^-x; £-x, y, z+^; 

i-z, x, y + p; £-y,z,x+£; y+i,x+£,z+£; z+i,y+i»x+i; 


3 1 


x+^, z+^,y+^; y + 4»4 _x ?4“ z ? z+ 4,4 y»4 

x+f, 5 -z, f-y; f-y.x+i,$-z; |-z,y + 4 *i- x ; 
f-x,z+|,f-y; i-y,i- x ,z + ft i-z, f-y, x+f; 

g-x,g-z,y+f); 3. C. 

with the parameters of Table VIIB, 6. 
oxygen atoms in the arrangement that resu 

of linked PO. tetrahedra which assoc ate T the ? selveS ist O anoes 

build P 4 O 12 complexes (Figure VIIB, 9). 

within a tetrahedron vary between 1. ‘ h others, 

atoms are equidistant from two Phosphorus *ide 
besides forming part of the P0 4 e dist a nces of 1.80 and 

octahedra abou? the aluminum atoms at distances 

1.83 A. 


c 
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WYCKOFF: CRYSTAL STRUCTURES 


TABLE VIIA.l. 


( 2 ) 


Crystal 

Typ e 

Tabl e 

P aragrapli 

Literatu 

Cd snO 3 

CaTl 0 3 

4 

5 

\ 

1943 , NS 

CdTIO s 

FeTl 0 3 

VA, 6 

V, a 5 

I; 11; 1934 , 

low 

CO CO 3 

NaNOs 

VIIA ,2 

VII, al 

B&P 

I; II; 1936 , 

CO Tl 0 3 

FeTl 0 3 

CO 

< 

> 

V, as 

F&C 

II; 19 34 , B&P 

Cs (Ag, Au) Cl 3 

CaTIO 3 

VI I A, 4 

VII,a 5 

1937 , F 

Cs 5 AgAUCle 

— 

— 

6 

1938 , E&P 

CSAUC1 3 

CaTIO 3 

4 

6 

1937 , F 

Cs 2 AU 2 Cl e 

— 

— 

6 

19 38 , E&P 

CsCdBr 3 

CaTIO 3 

4 

5 

I 

CsCdCls 

CaTIO 3 

4 

5 

I 

CsCd(N0 2 )s 

CaTIO 3 

4 

5 

1935 , F&C 

CsHgBr 3 

CaTl0 3 

4 

6 

I 

CsHgCl3 

CaTl 0 3 

4 

5 

I 

CsH g(NO 2) 3 

CaTIO 3 

4 

5 

1935 , F&C 

C s 10 3 

CaTl0 3 

4 

5 

I 


CsNO s 
low 
CsNO 3 
111 gh 
F© CO 3 

siderlte 


NaN0 3 


FeTl0 3 

FeTIO 

HIO 3 

— 

HSbOg 


InBOs 

NaNOs 

KBrO 3 

** _ 

K CbO 3 

CaTIO 

KCd (NO 2 ) 3 

CaTIO 

KCIO 3 

__ 

KCuBr 3 

— _ 

KIC 3 

CaTIO 

KMgF 3 

CaTIO 

KN0 3 

KNO;, 


VA, 6 
VII A, B 


V, a 5 


5 

5 

10 


115 1937 ,F&H 

1937 , F&H 

I; I i; 1935 , 8 

II; 1934 , B&P 
I 


1936 , N&B 
I I 
I 

i; II 
1935 , F&C 


1939, S 

I 

I 

i; ii 
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VII. COMPOUNDS R n (MX 3 )p 


TABLE VII A, 1. 


Crys tal 


Type 


KNO s 

high pressure 

/-t 


KNl F 3 

CaTIO. 

K SbO 3 (ot) 

FeTIO : 

K SbO 3 (3) 

— — 

KTaO 3 

CaTIO 

K ZnF 3 

CaTIO 

LaAl'O 3 

CaTIO 

LaBOg 

KN0 3 

LaCrO 3 

CaTIO 

L a FeO 3 

CaTIO 


L a GaO 3 
L aMnO 3 
L 1 CbO 3 
L 1 I 0 3 
LINO 3 

MgCOg 

magneslte 

M gTl 0 3 

MnCO 3 
Mn T 10 3 
NH 4 CdCl3 

NH 4 Cd(NO 2) 3 
NH^HgCl3 
NH4IO3 
NH4NO3 (I) 

> 126 0 C. 
NH a N 0 3 (II) 
- 0 — 8 4 0 C« 

NH 4 NO 3 (HI) 

84 ° - 32 °C. 
NH 4 NO 3 (IV) 

0 >- 18 0 C. 


CaTIO 3 
CaTlO 3 

FeTIO 3 


NaN 0 3 


N aNO 3 

FeTIO 3 

NaNO 3 
Fe Tl 0 3 


Tabl e 


VII A, 2 


VA, 6 

VII A, 2 

VA, 6 


CaTIO 3 VI I A, 4 


paragraph 


VII,a5 


V, as 
VI I, a 12 

VII, al 


V, a5 


11 


Ch ap 


t ab 1 e 


Literature 


1939, B 


1940, S 
1940, S 
I I 


II 

1943, NS 
1943, NS 


1943, NS 
I 


1935, S 
I; 11J 19 34, 

B&P 

i; 1936, F&C 
11; 1934, B&P 

1938, B&P; 1939, 

19 36, F&C 
1938, H 

I I 

H; 19 37, F&H 

II 


II 


I I 
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VII 


COMPOUNDS R n (MX 3 ) p 



c; 

o 

f- 

T3 

CD 


LO 

aj 

C\2 



CD 

O 

o 


£> 


-CJ 


LO 


CQ 

LO 

t—< 

LO 

LO 


C\2 


aJ 

o 

.O 


O 

tH 

o 

c \2 

o 

CO 

O 

CO , 

o 

CO 

O 

C\2 

O 

C\2 

o 

02 , 
o 

o 

1 tO 
o 

O 

CV2 

E 


O 

O 

o 

o 

O 

O 

O 

o 

> 

E-« 

o 

2 

CD 

bO 

o3 


^ — < 

< 

c \2 

T-1 

H 

rH 

H 


rH 

rH 

H 

CD 

rH 

Z 

> 

O 

▼H 

CD 

rH 

C\2 

o 

CD 

rH 

CD 

C\2 

CD 

w 

o3 

o3 


C\2 

CT> 

o 

05 

O 

o 


05 


2 

CD 


• 

• 

• 

• 1 

• 

• 

• 

• 1 

1 

• 

W 

o 

z 

o 


CO 

CD 

lO 

CD 

LO 

CD 

CO 

CD 

LO 

CD 



CO 

O 


03 




CD 

o 

▼H 

o 

CD 


CD 

o 

CD 

CD 




o> 

o 

O * 

02 


o 

CD 

LO 

05 


CD 

o 


rH 

CD 

▼H 

02 

1 o 

O 

C\2 

o 

02 


tH 

CD 


CD 

02 

02 

05 

rH 

05 

o c_> 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

tD 


CD 

LO 

LO 

ID 

lO 


LO 

CO 

LO 



CO 

LO 

^3 

rH 

▼H 

rH 


rH 

▼H 

▼H 

▼H 

rH 

rH 

rH 





CD 

CO 

CL. 


03 

C3 B 

§) .° 
03 03 

X 

CD 


CD 


o3 


T—< 

CO 


CD 


CD 

T—< 

CO 

02 

O 

05 

05 

CD 

CD 

£> 

• 

• 

• 

• 

• 







to 


02 

• 

.25 

1 

.27 

1 

o 

' cao 


o 





LO 

o 

CD 

02 

y—1 

02 


D 

o 

O 

o 

o 

CD 


CD 

£> 

CD 







02 




CD 

tH 

£> 

LO 

■<* 

CO 

t-H 

CD 


CO 

m 

• 

• 

• 

• 

CD 

CD 

LO 

lO 

lO 


CV2 

CD 


tH CD 
CD W 

LO £> 


^ tH 

CD lO CD LO 
O O ^ 


^ ^ LO ^ ID ^ 


CD 

CV2 

O 


£> lO 
CVJ CV2 

• • 

o o 


I I 


- CV2 lO 
CO r~* ^ 
o o o 
CO CD 


LO CD O ^ 
H W H W 

o o o o 

n (C cc d) 

^ ^ ^ 


C\2 ao 

co 



LO 


CD 


lO CD LO 


LO 

00 


LO 

o 

CD 

«<* 


O 

LO 

o 

CD 


CO 

LO 

CD 


CV2 

o 


o 

o 

CD 


<N 


CD 


CO C_> 


O 


CO 


CO CO CO 

o o o 

O O PQ 
O <*> C 2 
O **- h-« 


C5 


CO ^ 

88 § « g I 

2 “Ssse - 


VI i. 
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COMPOUNDS R n (MX 3 ) p 


TABLE VIIA, 3. PARAMETERS OF THE ATOMS IN NaC10 3 AND NaBrO 

(VII,a4) . 


Crystal 

Atom 

Posltlons 

X 

y 

Z 

NaCIO 3 

Na 

( 4 f ) 

0.0 64 

0.064 

0.064 


Cl 

( 4 f) 

. 417 

. 4 17 

. 4 17 


0 

(b) 

. 30 3 

. 59 2 

. 50 0 

NaBrO 3 

Na 

( 4 f) 

0.075 

0.075 

0.075 


Br 

( 4f) 

. 405 

. 40 5 

. 40 5 


0 

(b) 

. 258 

. 614 

. 480 


Chap 
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COMPOUNDS R n (MX 3 ) p 


TABLE VIIA,4. CRYSTALS WITH THE CaTi0 3 STRUCTURE 


Crystal 


B £L C 6 0 3 
BaP rO 3 
BaSnO 3 
BaThO 3 
BaTIO 3 


4.377 A 
4. 354 
4. 10 
4. 480 
3.97 (?) 


Bazro 3 
C a C ©0 3 
CaSnO 3 
CaTl 0 3 
p e rewsklt e 
( ca, Na) (T 1 , CD) 0 3 

dysanaljte 


( Ca, Ce, Na) 
loparlte 
CaZr 0 3 
C d C e 0 3 
CdSn 0 3 
CsCdBrn 

CsCdCl3 
CsCd (NO 2) 3 
C sH gB r 3 
CsHgCl3 
CsH g ( NO 2) s 

CslO 3 
K Ct )0 3 
KCd(N 0 2 ) a 

KI 0 s 
KMgFs 


(Tl, Ct>) O3 


KN 1 Fa 
KTaO 3 
K Zn Fa 
L aAl 0 3 

LaCrO a 


177 

70* 

92 

84 


826 


3. 854 

3.99 (?) 

7.65* 
3.80* 

5. 33 ( ?) 

5.20 (?) 

5. 390 
5'. 77 (?) 

5.44 (?) 

5. 475 

4.66 (?) 

4 .00 5(?) 
5. 325 

4. 46 ( ?) 

4.00 (?) 

4.008 ( ?) 
3. 981(?) 
4.050 ( ?) 
3.78 (?) 

3 . 88 


Chap 
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TABLE VIIA,4. (2) 


Crystal 

LaFeO 3 
La GaO 3 
LaMnO s 
NH*Cd (NO 2 ) 3 

NaCbO 3 

N aTaO 3 
NaWO 3 
PbCe0 3 
PbTlO 3 
P b ZrO 3 

RbCd (NO 2 ) 3 
RbH g(NO 2 ) a 

RblO 3 
SrCeO 3 
SrHfO 3 

SrSnO s 
SrTlO 3 
SrZrO 3 
T1Cd(NO 2 ) 3 

T1H g(NO 2 ) s 
Y AlO 3 

% 

Notes: (?) The isotropic c 

in this way has 


3. 89 

3.89 (?) 

3. 88 
5. 355 
3.889 (?) 

3. 88 1 ( ?) 

3.83 
7.62* 

3. 89** 

9.28* 

5. 375 
5. 450 
4.52 (?) 

4. 27 
4.069 

4.025 

3. 899 

4. 088 

5. 340 

5. 386 
3.67 (?) 

aracter of crystals marked 
been doubted. 


* 

Crystals marked with one asterisk appear to 
have cells of twice the simple edge lengths 
and hence to contain eight molecules. 

* * 

This crystal is propably tetragonal, with 
c = 4. 1 3 A. 
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TABLE VIIA,5. CRYSTALS WITH THE ORTHORHOMBIC KNO 

ARRANGEMENT. 


Crystal 

a o 

b o 

c O 

B a CO 3 

8.8 345A 

6 . 5490 A 

5. 2556 A 

C 3- CO 3 

7.94 

5.72 

4.94 

aragonite 

CaBa(C0 3 ) 2 

8 .77 

6 . 11 

4.99 

alstonlte 

( ca, Pb) CO 3 

8.0 16 

5.79 

4.97 

tarnowltzl te 

KNO 3 

9. 17 

6 . 45 

5. 43 

L a BO 3 

8.22 

5.8 3 

5. 10 

P b CO 3 

8 .468 

6 . 146 

6 . 166 

Sr CO 3 

8.42 

6 . 10 

5 • 13 


6. PARAMETERS OF THE 
CRYSTALS OF VII,a10. 


Crystal 


KNO r. 


PbCO fl 


Ca CO 3 

(aragonite) 


Atom 


Position 




0 


4 16 

0.760 

1 / 4 

75 

-.083 

1/ 4 

88 3 

-.083 

1/ 4 

686 

-.083 

. 444 

417 

. 7 50 

1 / 4 

764 

-.097 

1 / 4 

909 

-.097 

1 / 4 

69 1 

-. 097 

. 465 

417 

. 7 50 

1 / 4 

75 

-.08 3 

1 / 4 

9 17 

- . 083 

1 / 4 

67 

-.083 

. 48 


Chap 
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TABLE VIIA, 7 . PARAMETERS OF THE ATOMS IN NH^jCdClg. 


Crystal 

Atom 

X 

y 

z 

NH 4 CdCl 3 

nh 4 

0.828 

0.425 

1 / 4 


Cd 

. 057 

. 164 

1/ 4 


Cl (1) 

. 208 

. 28 6 

1/ 4 


Cl ( 2) 

. 49 4 

. 172 

1/ 4 


Cl (3) 

. 9 20 

. 021 

1/ 4 



Chap • 
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TABLE VIIA, 8 . MISCELLANEOUS RMX 3 CRYSTALS 


Crystal 

A g FO 3 

AgNO 3 
Ca CO 3 
vaterlte 
CsNO 3 
A1B0 3 

J eremej ewlte 
HIO3 

H SbO 3 * 

K CuB r 3 


Symme try 


Te tragonal 

0 rthorhomb 1c 
H exa gonal 


Hexagonal 
Hexa gonal 


~o 

5. 33A 

6.97 
4. 120 


0 


0 


M 


Space 

Group 


6. 08 A - 


7.34 


10.14 
8.556 


8 

2 


10.74 
8.47 


7 . 68 

8.09 


9 

12 


C 


6h 


Ortho rhomb 1c 5.5 3 


5.92 


7.75 


Cubl c 

Mono clinic 


4. 28 14. 43 9.71 

p = 10 8 0 23* 


0 


2h 


K SbO 3( 3 ) 
NH4NO3 ( v) 
RbNOg** 

T 1 NO 3 
low 


Cub 1 c 
Hexa gonal 
0 rthorhomblc 

Orthorhomblc 


9. 

5. 

18. 

6 . 


56 

7 5 

08 

17 


10. 45 
12. 27 


15. 9 
7.38 
3. 98 


12 

6 

18 

4 


V 3 


* * 


HSbO 3 

Sb20 5 

RbNO 3 
a 


or Sb 2 0 5 , h 2 °» 


gives the same pattern as 


Ql wit h a pseudo-unit having 

*• P- Ud « h ".*«;- 3 ‘ A ’ .n* containing n.n. 

;:, 45A S,:°.U. paragraph VII.->• 



VII. COMPOUNDS R n (MX 3 ) p 
TABLE VIIB,1. COMPOUNDS OF THE TYPE R n (MX 3 ) D . 


Crystal 

Table 

Paragraph 

LIterature 

A gK CO 3 

VIIB,3 

VII, b3 

19 44, D&H 

( Ce, La) FCO 3 

— 

4 

1 ; II 

bastnaslte 

KH CO 3 

7 

— 

19 36, D 

K(NH 2 )S0 3 

VIII A, 1 

— 

— — 

nh*hco 3 

VI IB, 7 

_ — 

1932, M 

NaHCO 3 

2 

2 

I I 

NaL 1 CO 3 

7 

— 

I 

A g 2 CO 3 

7 

— 

1944, D&H 

Fe 2 AgS 3 

7 

— — 

1937, B 

Sternberg!te 

Fe 2 CuS 3 

7 


19 36, b; 

19 37, B 

cubanl te 



1 

1933, k; 

L ! 2 T10 3 


1 

19 36, K 

19 40, Z&M 

N a 2 C eO 3 


1 

19 40, Z&M 

Na 2 Pr0 3 


5 

I I 

N a 2 SO 3 

A g 3 A S S 3 

3 

6 

19 37, H 

proustlte 

Ag 3 Sb S3 

3 

6 

1 ; 1937,H 

pyrargyrlte 

Cu 3 Sb S 3 

— 

7 

I 

te trahedrlte 


8 

I I 

H 3 BO 3 

4 

9 

1, 11; 1942, 

Ba(NO 3 ) 2 

Ca (10 3 ) 2 

7 

— 

V&B 

I; 19 37, G 


lautarite 


Ca (NO 3 ) 2 

— 

9 

9 

1 ; 11 

1 ; ns 

19 42 

Pb(N0 3 )2 


9 

V&B 

1 ; 1 is 

1942, 

Sr(N0 3 ) 2 

— 


V&R 
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TABLE VIIB.l. 


Crystal 


Table 


Paragraph 


LIterature 


CaMg( CO 3 ) 2 
dolomlte 
CaSn(BO 3 ) 2 
nordenskioldlte 
K 2 Ca ( CO 3)2 
Na 2 Ca(CO 3)2 

Na 2 Mg( CO 3 ) 2 

BacOs# 2RFCO3 
cordyllte 

CaCO3. RFCO 3 
synchlsite 
C a CO 3. 2RFCO3 
pari site 

Al ( PO 3) 3 


A£ 


A2 


6 


al 


10 


1 ; II; 19 35. S 


II; 19 35, E&R 


I 

I 

I 


II 


II 


11 


1 ; 19 37, P&S 


R x M 2 X 6 , see Chapter IX 
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TABLE VIIB,2. PARAMETERS OF THE ATOMS IN NaHC0 3 


Atom 

X 

y 

Z 

Na 

0.278 

0.0 

0.708 

C 

. 0 69 

. 236 

. 314 

0 ( 1) 

. 069 

. 367 

. 314 

0 ( 2) 

. 20 0 

. 169 

. 183 

0 ( 3) 

. 9 39 

. 169 

. 444 


rABLE VI IB, 3. PARAMETERS OF THE ATOMS IN PROUSTITE AND 

PYRARGYRITE. 


posltlon 


(For P roustl te) 


0.633 
. 0852 

. 806 


0.5 
. 0852 

. 194- 


( fo r P yrargyrlte) 


0.5 
. 09 17 

. 20 5 


Chap 




. 0852 



. 09 17 
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VI I . 


TABLE VIIB,4. PARAMETERS OF THE ATOMS IN 


Atom 

X 

y 

Z 

B ( 1) 

0.653 

0.430 

0.25 

B(2) 

. 319 

. 764 

. 25 

0 ( 1) 

. 4 30 

. 319 

. 25 

0 (2) 

. 764 

. 319 

. 25 

0 ( 3) 

. 764 

. 653 

. 25 

0(4) 

. 208 

. 542 

. 25 

0 ( 6) 

. 20 8 

. 875 

. 25 

0 ( 6) 

. 542 

. 875 

. 25 

Posslbl e 

Parameter s 

for Hydrogen Atom 

H ( 1) 

. 319 

. 431 

. 25 

H ( 2) 

. 319 

. 097 

. 25 

H ( 3) 

. 99 

. 431 

. 25 

H ( 4) 

. 653 

. 097 

. 25 

H ( 5) 

. 99 

. 764 

. 25 

H ( 6) 

• 6 53 

. 764 

. 25 
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TABLE VIIB,5. 


PARAMETERS OF THE ATOMS IN DIVALENT 
METALLIC NITRATES. 


Cry s tal 

Ca( NO 3 ) 2 
Sr(NO 3 ) 2 
Ba( NO 3 ) 2 

Pb (NOs) 2 


. 3 39 
. 341 
. 350 
. 344 


253 
264 
28 0 
266 


29 3 
29 1 
29 6 
29 1 


. 467 
. 468 
. 47 4 
. 467 


TABLE VIIB, 6. PARAMETERS OF THE ATOMS IN A1(P0 3 ) 3 


Atom 


A1 

P 

0 ( 1 ) 
0 ( 2 ) 
0 ( 3) 


Posltlon 

( 16 f) 

( 48 e) 

( 48 e) 

( 48e) 

( 48e) 


0. 117 
. 340 
. 090 
.09 5 
. 137 


. 117 
.063 
. 110 
. 141 
. 09 6 


. 1 17 
. 124 
. 800 
. 245 
.98 6 
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TABLE VIIB,7. MISCELLANEOUS R n (MX 3 ) p CRYSTALS 


Crys tal 


Symmetry 


KHCO 3 


Mono clIni c 


NH 4 HCO 3 


N aL 1 CO 3 
A g 2 CO 3 


Fe 2 AgS3 
s te rn- 

terglte 


Fe 2 Cu S 3 
cub anl te 

N a 2 Ca(COs) 2 

N a 2 M g ( CO 3) 2 

Ca(IO 3 ) 2 
1autarlte 


K o C a ( CO 3 ) 2 


Ortho- 
rhomblc 

Hexagonal 

Monocllnlc 


0 rtho- 
rhomb 1 c 


0 rtho- 

rhomb1c 
Hexagonal 
Hexagonal 
Mono clinic 


Hexagonal 


o 


15.0 1 


0 


5.69 


o 


(3 = 10 4 30 ' 


7.29 


10.79 


8.22 
4.83 


(3 = 92. 7 


9.52 
o 


6.6 1 


11. 64 


6. 43 


11.04 


20 . 3 

4.95 
7. 18 

3 - 


11. 28 
10 6 ° 22 ' 


21.0 


Chap 


. VII. 


27 


3. 68 


8.76 


3. 27 
3.23 


12. 67 


6. 19 


M 


8 


12.02 32 

16.50 6 

7. 32 4 


13.38 32 


Sp a c e 
Group 


2h 


8 V 


10 




12 


2v 


V 


0 r 

17 

h 


h 


16 


^3 

C 5 
2h 


I 
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H(H) 



C 


B 


© 



Fig. VIIA, la. A projection of a^ portion of 

the NaNo 3 structure on a plane noma to the three^ 

s.;"r..r ”w 

ure VIIA, 2- 


it 

I' • • 

•kit 

. "% ; :. j 

.--•jv.-vy* 

, • • • , , 7 • • 


-aj 


* P !fw! in Th°e f elongat.ed 


Tie-. Vi-L^. -i/tt A la. J- XAC oj-wo-- 

of Nall0 3 shown io is the unit ° f . j 

The tetramolecular cleavag identlfy cor 

lined by the heaV ^ rigu re VIIA, la- 

responding atoms 


Fig. 

VIIA,la 


Fig. 
VIIA,lb 


Chap 


VI 


j jllus. pag e 1 























I 




fie TIIA 2. a drawing to show the relation 

between'the correct unit Zw 

diun. nitrate “"“btaolecular unit is the elon- 

gated^ellT^he ei-eavage ^eudo-ce 11 isjdiat^ out¬ 
lined by the thicker Ho- • designa ted 


• t ~^l t r r^^o-irrn^'hRrl 


A a ^ 
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Oo 



72 


0 


22 
OV .7© 


72 


O 


_L 


72 \£ 


\\ 


O 


22 
OV .78 


O 


Fie. VIIA,4a. The KC10 3 structure projected 
„ _ n i anp parallel to a b-face. The crystallo¬ 
graphic axes are the same as taose used in the text 

TrlT alone- b n by one-quarter its length. The 
largest circles are the potassium atoms, the smal 
lest are the atoms of chlorine. 


Chap 
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Fig. 

VIIA , 4 
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0 


Ca Ti 


OOo 


Vz 


Fig. 

VIIA,ea 




Yz. 


Vz 


Zi 


\—a o =3.83A-A 


Fig. VIIA,6a. The unit of the CaTiO^ struc¬ 
ture projected on a cube face. The largest cir¬ 
cles are the oxygen, the smallest are the titanium 


atoms. 
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Fig. VIIA, 6 b. 

of CaTiOg shown in 
ionic sizes. 


A packing drawing of the atoms 
figure VIIA, 6a when given thei r 




NH 4 N0 3 on 


Fig. VII A, 9a. A projection o f the ortho rhom¬ 
bic structure of the room-temperature, IV, form of 

its b-face. Axes of the unit are marked 

by full lines; their X, Y and Z axes coincide with 
the a, b and c crystallographic axes as indicated 
in the drawing. The smallest circles are nitrogen, 
he largest are NH 4 radicals. 
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+ ions 


A drawing to show the way the 
pack in form IV of NH^Og. 


Fig. 
VIIA, 9a 
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Fig. 


VIIA,10a. 

structure 


A project ion of the orthoThom- 
on its commonly accepted c- 

axes (a D , b Q , c 
the axes X, Y, 


o 

Z 


bic KN0 3 

face. These crystallographic 
of the figure) are related to 
of the text in the following way: b Q = X, c c = Y 
and a = Z. The origin of the figure and of the 

coordinate description are separated b^ one-quarter 

the length of the a Q axis of the figure. The co¬ 
ordinate distances shown along c 0 ~ Y axis of the 
figure are those found for the isomorphous arago¬ 
nite, CaCOg. The largest circles are oxygen atoms 
and the intermediate are metal atoms. 



vita ICb. Apacking drawingofthe atoms 
eho J& Figure VIIA, 10a. The line-shadowed spheres 

are the metal atoms. 
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Fig. 
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Fig. VIIA, 11a. Atoms in the orthorhomDic unit 
of modification III of NH 4 N0 3 projected on its 
face In this case the crystallographic a Q , u 
and c axes correspond to the X, Y and Z axes of 
the test. Atoms of the N0 3 group are connected 

bv light lines. 
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Fip VIIA.12. A basal proj ection of the hex 

^ structure described for LilOg. The largest 
efre^s are iodine, the smallest lithium atoms. 
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Fig. VIIB, la. Atoms in the monoclinic unit 

of NaHCO, pro j ected on its b-face. The large cir¬ 
cles are the oxygen, the smallest circles are car¬ 
bon atoms; they are joined by light lines to forrr 
the CO, groups. Proposed positions for the hydro¬ 
gen atoms are given by the dotted circles. 
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t,ttr 1b A packing drawing showing 
VHB, ID. ° 


the 


Na 


+ (small circles) and C0 3 


ions of NaHCOg 
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Fig. VIIB,3a. A basal projection of the hex 

aeona/unit of the structure found for ha^SOg. 
t L latest circles are the oxygen, the smallest 
the sulfur atoms. These atoms, forming SO,, ions, 
are joined by light lines. 
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atoms of figure 
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pack 


A drawing to show the 
VIIB, 3a, considered as 

together. 


way 
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the 
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Fig. 
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VIIB,6a. Atomic contents of the 
tetrahedri te, (Cu,Ag) s (Sb,As)S^ 
jected on a cube face. The largest circles are 
the (Sb,As) and the smallest are the sulfur atoms. 


Fig. 
cell of 




VIIB 6b. A packing drawing of atoms in 
■ Vllfc>> od. f drite if th ey are given 

the structure of Line _ sh aded spheres are the 

their neutral radii. Line 

(Cu, Ag) atoms. 
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